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ABSTRACT
~
An experimental study of the behavior of concrete filled steel tube (CFT) stub
columns and short beam-columns made from high strength materials and subjected to
monotonic loads was conducted. A total of twelve CFT specimens were tested. The
specimens were two-third scale models of the ground floor coh.imn of the U.S.-Japan
open CFT theme structure. The parameters investigated in the test program include:
the width-to-thickness (bit) ratio of the steel tube; the level of axial load; and the
strength of the steel tube. The CFT specimens were 12 in. square tubes with a
nominal bit ratio of 32 or 48, and made from either conventional (ASOO Grade-B) or
. i
high strength steel (ASOO grade-80). The steel tubes were filled with high strength
concrete (16 ksi) to form the CFT specimens. The CFT stub column specimens were
subjected to monotonically increasing axial load up to and beyond failure under load
control. The CFT beam-column specimens were subjected to a constant axial load
level while a uniform bending moment was monotonically applied under
displacement control up to and beyond failure. Failure of a CFT beam column
specimen was defined as a loss of flexural resistance in the cross-section, and was
)
typically caused by extensive distortion of the steel tube accompanied by the crushing
of the concrete infill.
Four CFT specimens with different bit ratios and steel strength were tested
under axial load as stub columns. Experimental results from the stub column tests
indicate that the concrete infill delays the development of local buckling -of the steel
CC~7tubeFthus-enabling.~-its"axiaL·¥ield:ca.pa,cit¥,to-"l?~o;C:l;<:,h~~Y.~4~:c,oTg.e-::c~~i.~...,~!~ffne.ss •. ~La_
. ,..-. .., '- .. ".,_ ~..'..,,-~.. ; ..,-~ ..- ~-,.,_.:.; '-::-""~ ~; ~" "~' '. ., .~- ,'-',' -', ..•... ;. """. ~ -', :'._~.-.'~'.''';'
CFf cross-section can be accurately predicted by its transformed section properties.
Furthermore, the axial capacity of a CFT cross-section can be accurately estimated by
simple superposition of the yield strength of the steel tube plus 85% of the
\
"
compressive strength of the concrete. The ductility of CFT stub-columns is low.
Eight specimens with different bIt ratios, steel strength and level of axial load
were tested as beam columns. Experimental results from the beam column tests
indicate that the concrete infill delays the development of local buckling of the steel
tube. In addition, for lower levels of axial load and lower bIt ratios, the steel tube
confines the infill concrete resulting in strains in the extreme concrete compression
fibers that exceed the cylinder crushing strain. The initial flexural stiffness of the
beam column specimens was found to be accurately predicted using uncracked
transformed section properties, whereas under service loads the flexural stiffness is
accurately predicted by using its cracked transformed section properties. The flexural
capacity of the CFT beam column specimens can be predicted conservatively by the
ACI provisions and within an average accuracy of 8%. Using the AD provisions
which are based on superimposing the individual capacities of the steel tube and
,
concrete, their flexural capacity can be predicted within an accuracy of 4%. However
the prediction is not always conservative. The curvature ductility of a CFT beam
column was found to decrease with an increasing level of axial load and with an
increasing bit ratio. However, the yield strength of the steel tube does not influence
curvature ductility.
,
2
CHAPTER 1
INTRODUCTION
1.1 Composite Construction
The two most commonly used materials in high rise construction are steel and
concrete. Most ~f the tallest buildings in the world are made from steel due to its
speed of construction and relatively light weight. Steel's light weight also reduces the
size and cost of structural foundations. Steel columns in tall buildings can have a
25% larger cross-section and weigh 80% less than concrete columns [Griffis, 1987].
Due to the strength of the material, steel columns are capable of carrying large axial
forces. The material properties of steel alloys can be adjusted to achieve stronger,
tougher, and more durable steel. Steel is also capable of being erected in all types of
, \
weather.
Reinforced concrete has been proven to be an equally viable material in the
construction of large buildings. Concrete has shown to be an inexpensive material for
larg~ columns and shear walls. The axial stiffness of reinforced concrete is eight and
one - half times more cost effective in resisting axial deformation than steel and is
eleven percent most cost effective in resisting axial loads [Griffis, 1987]. Due to the
high compressive strength of concrete~ a column of moderate size can carry an
extremely large axial load, especially with the development of high strength concrete
where strengths range between 1000 to 18000 psi. Plasticizers allow fOl:concrete to
between formwork and reinforcement bars.,. New developments in lightweight
3
aggregates allow for a significant reduction in the dead load of high rise buildings.
Furthermore, new advances permit concrete to be placed in various climate
conditions.
Composite construction is utilized to take advantage of both steel and concrete
properties and is becoming more widespread. Concrete contributes its inherent mass,
stiffness, damping, and economy, while steel supplies its speed of construction,
strength, long-span capabilities, and light weight. Composite construction includes
two types of composite columns, namely wide-flange (WF) sections encased in
reinforced concrete (SRC) and concrete filled steel tubes (CFTs). These types of
composite columns are shown in Figure 1.1. CFT columns are favorable over SRCs
because the steel tube serves as a formwork for placing the concrete. The steel tube of
a CFT increases the concrete compressive ductility by providing some confinement
and maintaining the cross-section by preventing spalling of the concrete. The
significance of confinement on the cyclic behavior of an SRC has been demonstrated
by Ricles and Paboojiian [1994]. The concrete infill in a CFT prevents the steel tube
from locally buckling in its first mode shape and requires it to locally buckle in a
higher mode shape, as shown in Figure 1.2, whIch results in a higher column strength.
A comparison of the steel weight of a CFT column-WF steel beam moment resisting
frame (MRF) system and a WF steel column-WF steel beam MRF was conqucted as
,
part of a study undertaken by Zhang and Ricles [1996]. Th~ study concluded that a
reduced amount of steel is needed in a MRF composed of CF·L~Q!llIllJ1s£op:lp~~gJ()._: < . _.-'. _',__'
. _,..,...~_ ~...:,~,:~_,"""~-:-,,.~.: ....,:.:': __~_~ ':~',-:---'.:'-. -.~-::";;:;:~,::;,::::z:.~::':' '~-:'.',:>.:-:'~'2:::,:,:_;;:';;:.:-::,:~~".~':~::';'" ':.::::L;':/:~·'::·,:·:;:-~, :.:":.::~.~';'~? :. --:':~'~;~'~::'_'.'._<;-;~ --., '..: -~,,, ... -. --' .:.. ", ,0",_,_",- -~.••_"'- --,-. - ,'- '" ".• -<-" .
an MRF with WF columns, as shown in Figure 1.3. The reduction was 14% for a 6- '
4
story building and 24% for a 24-story building. The availability of high performance
materials has made the use of CFT columns more appealing, since the member can be
designed to be stronger and stiffer without increasing the column cross-section.
1.2 Objectives
Due to its many benefits, the use of composite construction has become'
increasingly popular. With new enhancements in steel and concrete properties,
composite construction can potentially become more advantageous if adequate
member strength and ductility can be obtained for high strength CFT columns. Due
to the lack of knowledge related to the use of high strength materials in composite
CFT beam columns, an experimental investigation was undertaken to study this topic.
The objectives of this study are:
1. To evaluate the axial load carrying capacity and axial stiffness of high
strength CFT stub columns.
2. To evaluate the axial load - moment - curvature behavior of high strength
CFT beam columns.
3. To experimentally asses~the impact of plate width-to-thickness ratio, level
of axial load, and the yield strength of the steel tube on the flexural
strength, stiffness, and ductility of high strength CFT beam columns.
·4. To evaluate the current design provisions for CFT composite beam
columnsrel~te,~Ho axial and flexural str~l!gth and stiffness.
5
1.3 Scope
A detailed description of the experimental study of high strength CFf columns
is presented in the subsequent chapters. Chapter 2 discusses background information.
Chapter 3 describes the experimental program, which includes tests of 4 CFf stub
columns and 8 CFf beam columns. The experimental observations are presented in
Chapter 4. Chapter 5 describes the evaluation of various design provisions for CFf
composite columns and the analysis of the experimental results for strength, stiffness,
and ductility. A summary, conclusions and recommendations for future work are
provided in Chapter 6.
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(a) Hollow Steel Tube
(b) CFI'Tube
Figure 1.2 -Local Buckling Modes For Hollow and CFT Columns
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CHAPTER 2
BACKGROUND
2.1 General
In Chapter 2, background information on high strength CFT columns is
presented. The characteristics of high strength concrete and high performance steel
are discussed, where the emphasis is the strength and stiffness of the individual
materials. Current U.S. and Japanese methodologies in predicting the behavior of a
CFT column are also presented in this Chapter. Later in Chapter 5, these design
provisions will be evaluated with the experimental data. To conclude a discussion of
some of the previous and current research on the b~havior of CFT columns is
presented. The research presented focuses on how various parameters, including the
width-to-thickness (bIt) ratio, material properties, cross-sectional shape and amount of
sustained axial load effect the behavior of the CFT column. Also methods to predict
the behavior of a CFT column are presented in this section.
2.2 Advanced Materials
Due to recent advances in material processing, materials having enhanced
properties have been become more accessible. These materials include high strength
concrete and high performance steel. The high strength-to-weight and stiffness-to-
weight ratio of high strength c~ncrete and the strength, toughness~and durability of·
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high performance steel make their use in high rise construction more favorable over
conventional materials.
2.2.1 High Strength Concrete
The difference between high strength concrete and conventional strength
concrete can best b~ descr!bed by their stress-strain relationship, as seen in Figure 2.1.
High strength concrete displays a nearly linear stress-strain response up to failure,
while conventional concrete has a more parabolic response. An approximate
compressive crushing strain between 0.002 to 0.003 occurs in both types of concrete,
although high strength concrete displays a quicker post-peak unloading response
compared to that of conventional strength concrete.
A stress-strain relationship for normal strength concrete has been developed by
Popovics [1973]:
(2.1)
where fe, f' e, Ce, C'e , and n are the concrete compressive stress, concrete
compressive strength, concrete compressive strain, concrete ultimate crushing strain,
and a curve fitting factor, respectively. As the curve fitting factor n becomes higher
the rising curve become linear. This equation can be modified to represent the stress-
strain behavior of high strength concrete by introducing a k factor, developed'to better
exemplify the post-peak behavior, and the curve fitting factor n [Collins & Porasz,
_:r J -.. ..; _ • • ~._ _'.~ ~ - • ~ .. ,
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1989, Collins & Mitchell, 1991]. The modified equation for the high strength
concrete stress-strain behavior is:'
where;
k=O.67+~
9000
n=O.8+~
2500
(2.2)
(2.3)
(2.4)
Major influences on the performance of high strength concrete are the type of
aggregate in the concrete and curing methods [French et el, 1996]. High strength,
moist cured concrete members have higher flexural strengths than those which are
heat cured. The stiffness of the specimen and the compressive strength are
significantly effected by the type of aggregate used in the high strength concrete mix,
where the compressive strength of the concrete is limited to the aggregate strength and
not that of the cement. The strength and stiffness of high strength concrete does not
significantly change after time, where high strength concrete cylinders gain
approximately 10% more strength from 28 days to 182 days after pouring, and the one
day modulus of elasticity is approximately 98% of the 28 day modulus [Mokhtarzadeh
et el, 1995].
Concrete strength and its crushing strain increa~e When lateral confinement is
,', ,applied' to ,the "concrete: cc'"111B'sfress,:stralfi"b6liil.vToFOf'c6tlvenHona:l'8bnfl~edC'~oncrete
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can be described by modifying the stress-strain curve developed by Popovics [Mander,
Priestly and Park, 1988]. To predict the confined behavior of high strength concrete a
k factor is introduced to the confined stress-strain equation [Collins and Mitchell,
1991]. The stress-strain behavior of confined high strength concrete is described by
Equation 2.5:
where,
Een=---"---
k = (0.67 +L) f'e ~ 1.0 (MPa)
62 f'ee
(2.6)
(2.7)
In the above equations f' cc is the ultimate compressiv~ strength of confined concrete
and-e'ccisequal to-the strain at ultimate compressivestrel1gth of confined concrete.
Figure 2.2 illustrates the predicted stress-strain curves for confined normal strength
concrete and high strength concrete. As seen in Figure 2.2, comparing the normal
strength and the high strength concrete stress-strain curves with the same ratio of
confining stress to unconfined stress, it can be seen that the high strength concrete
cannot maintain its capacity and has Jess ductility than normal strength concrete.
However, Figure 2.2 al.§o·demonstrates t~.~t the ductility of.high strength ,concrete is
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greatly enhanced when confined, therefore the use of high strength concrete confined
by a steel tube is wflrranted.
2.2.2 High Performance Steel
Recent advances in steel technology have allowed steel to be produced in low
carbon steel plates which have high strength, good weldability, fracture toughness,
ductility, and corrosion resistance. The difference in the mechanical properties of
high performance steel and conventional steel is best described in terms of their stress-
strain response, as shown in Figure 2.3. High performance steel begins to strain
harden immediately after yielding and compared to conventional steel the strain
hardening modulus is lower. The major differences between conventional and high
performance steel is the higher yield stress-to-yield ultimate stress ratio (yield ratio)
and the lower strain ductility of high performance steel.
It has been shown that strain ductility and the yield r(ltio are important factors
that influence the post yield behavior of tension members [Sooi et el.,1995]. High
performance steel displays a smaller reserve capacity after yield than that of
conventional steel when the member is loaded in axial tension due to its high yield
ratio [Sooi et el.,1995]. The lower strain ductility of steel contributes to a smaller
amount of inelastic elongation than that of conventional steel. Due to the high yield
ratio of high performance steel, flexural1members achieve.a smaller ratio of maximum
moment to plastic moment than c'onventional steel members [Rides et el~, 1996].
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An experimental and analytical study [Rides et el., 1996] on hollow steel
tubes fabricated from high performance steel was performed to investigate the
behavior of high performance steel in compression. It was shown that the onset of
local buckling in the steel wall limits the axial load carrying capacity of the members
to less than their yield load. As seen in Figure 2.4, an increase in the width-to-
thickness ratio (bIt ratio) causes the axial carrying capacity of the tube to diminish,
demonstrating the effects of local buckling could be reduced by using a smaller bIt
ratio. The use of high strength steel tubes is not justifiable unless local buckling could
be inhibited. As noted previously, filling the tube with concrete would force the tube
to buckle in a higher mode, thus resulting in the axial load carrying capacity of the
column to increase.
2.3 U.S. CFT Composite Design Provisions
Current u.s. design provisions for concrete filled tube columns can be found
in the American Institute of Steel Construction Load and Resistance Factored Design
manual (LRFD) [AISC, 1995], the American Concrete Institute Building Code
Requirements for Reinforced Concrete (ACl) [ACI, 1992], and the National
Earthquake Hazards Reduction Program Recommended Provisions for Seismic
Regulations for New Buildings (NEHRP) [NEHRP, 1994]. Each contain many
differences in definitions and methodologies for determining the axial and flexural
, .
capacities of composite members.
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According to the LRFD manual, a column must meet four qualifications
before it is considered a compo~ite member. These criteria are:
1. At least 4% of the cross-sectional area must be comprised of a steel shape,
pipe, or tubing,
2. Concrete shall have a compressive strength between 3 ksi and 8 ksi
incluslively,
3. The yield strength of the steel must be less than 55 ksi,
4. The width-to-thickness ratio must be less than:
(2.8)
The restrictions on the concrete strength were due to the lack of experimental data of
high strength concrete used in composite members. The NEHRP code modifies these
qualifications by allowing the compres&ive· strength of the concrete range between 3
ksi and 10 ksi, but the NEHRP code restricts the bit ratio even further by:
(2.9)
The ACI code has a less stringent definition than the others. It states that a composite
member shall include all such members reinforced longitudinally with structural steel
shapes, pipe, or tubing with or without any longitudinal bars. It also requires the same
bit ratio of LRfD,.but the steel elements must have yield strengths less than 60 ksi.
~- .
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The methodologies used to determine the axial and flexural capacities of a
column differ among the various codes. The ACI code determines the axial capacity
(r-
.of a CFf column assuming the cross-section has fully yielded, where the steel stress is
at the yield stress level and the concrete has a compressive stress of 0.85 f' c'
Reduction factors are introduced into the equation to account for any eccentricities
that may occur. The ACI formula for determining axial capacity without the presence
of moment is:
(2.10)
where $, Ag, As,,f' c, and Fy are equal to strength reduction factor (0.7), gross
area of the member, area of the steel, compressive strength of concrete, and yield
strength of steel, respectively. LRFD basis the qesign of composite columns on the
same principals of the design of steel columns, except modifications to account for the
concrete are taken into effect when calculating steel the yield stress, Young's modulus
and the radius of gyration of the steel section. The axial capacity of a CFf by the
LRFD code is as follows:
(2.11)
forAc:S;; 1.5:
(2.12)
-;_<"::=_._,N~:<,
or for Ac> 1.5:
J
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F-= [0.877]F
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c
(2.13)
where $e, Fer, and Ae are equal to a resistance factor (0.85), the critical stress, and the
column slenderness parameter, respectively, where:
(2.14)
In equation (2.14), rrn, K, and Ern are equal to the radius of gyration of the steel tube,
the effective length factor, and the modified modulus of elasticity, respectively,
where:
(2.15)
In equation 2.15 Es and Ee, are equal to Young's modulus and the modulus of
elasticity for concrete, respectively. The modified yield stress, Frny appearing in
equations (1.12), (1.13), and (1.14) is defined by:
where Fyr is the yield stress of the longitudinal reinforcement bars, and Cl, C2, and C3
are numerical coefficients. For a eFT, Cl =1.0, C2 0.85, and C3 = 0.4. The NEHRP
. code states to follow LRFD code for designing a composite column under pure axial
compression.
The flexural capacities of columns are usually represented by the interaction
between the axial load and the flexural moment, referred to as P...;M interaction. A
l'(jf~:'!"'~rr.~jJC?c"";'jjCc",'..C_,::,·ctypical'P,":M"interaoti.QTh!.cufYe.,ha'Sea:~~t~PD,and·ACLcode..sJ6J.a composite. column
, .
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typical P-M interaction curve based on LRFD and ACI codes for a composite column
is shown in Figure 2.5. The ACI code bases its P-M interaction relationship on plane
sections remaining plain and using the assumption that the maximum strain at the
extreme concrete compression fiber is equal to 0.003 and the exact concrete stress
distribution may be modeled as a rectangular compressive stress block of magnitude
0.85 f' c' The LRFD code calculates the flexural capacity of the member by use of the
following empirical equations:
(2.17)
p
and for _u_ < 0.2
<P cPn
(2.18)
where Pu, Pn, Mux, Muy, Mnx, Mny, <Pb, and <Pc are equal to the required compressive
strength, the nominal compressive strength (see equation. (2.11)), the ultimate
flexural strength about the x axis, the ultimate flexural strength about the and y axis,
the nominal flexural strength determined from plastic stress distribution about the x,
the nominal flexural strength determined from plastic stress distribution about the y
axis, the resistance fac;tor for flexure (0.9), 'and the resistance factor for compression
.' . .. .... '.
,.
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(0.85), respectively. The NEHRP code states that a CFT should be designed
following the LFRD provisions.
2.4 Japanese Design Provisions
Current Japanese design provisions for composite columns can be found in the
Architectural Institute of Japan Standard for Structural Calculation of Steel
Reinforced Concrete Structures (AD), [AD, 1987]. The AD provisions require the
,
cross-sectional area of the steel in ,a composite column be greater than 0.8% of the
gross area of concrete. The flexural capacity of a composite column is calculated by
utilizing the method of strength superposition based on the lower bound theory of
plasticity. The main focus of the standard is on equilibrium, where no explicit
expressions about compatibility between the steel and concrete are provided. The AIl
strength superposition method for a CFT is given below with a typical axial force-
moment N-Minteraction curve shown in Figure 2.6,
N=cN
(2.19)
ii) when N>cNcor M<sMo
(2.20)
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iii) when N<O
(2.21)
M=sM
where N, M, cNe, sMo, cN, eM, sN, and sM are equal to the CFT axial capacity, the
CFT flexural capacity, the axial capacity of the concrete portion subjected to
compression alone (eNc = Ac'f' e), the flexural capacity of the steel section subjected to
bending alone, the compressive force resisted by concrete portion, the flexural
capacity of the concrete portion, the axial capacity of the steel portion· alone, and the
flexural force resisted by the steel portion. The flexural strength of the concrete is
calculated to confirm to the Standard for Structural Calculation of Reinforced
Concrete Structure [AD, 1987], which utilizes the stress block method. The
calculation of allowable bending moment of the steel portion is taken as the plastic
moment capacity of the steel, assuming that local buckling of steel elements and steel
tubes do not occur.
2.5 Previous and Current Research
Most of the previous research on concrete filled tube columns has been
conducted on specimens with conventional material strengths. Some CFT research
has been conducted in the U.S. over the past three decades, although a majority of
research on CFT columns has been conducted in Japan. One of the earliest studies in
"""''''lthe",1:::J::S'.C'9n,€Frswerethose con~ucted by Furlong [1967,1968], in which a total of
52 CFT columns were tested under various monotonic loadin~ conditions. The
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specimens were fabricated from steel with a strength of 36 ksi, and concrete with a
compressive strength of 3 ksi. A total of 21 specimens had square cross-sections
while the remaining were circular. Thirteen of the specimens were tested in axial
compression while the remaining were loaded eccentrically. From the results of the
experiment, Furlong concluded that before local buckling occurred, there was an
increased level of strain in the CFT steel tube as compared to a hollow steel tube.
Observations from the tests showed that the stiffness of the specimens were
considerably less than the stiffness based on transformed area method, leading him to
conclude that no bond existed between the steel and the concrete core. The adhesive
bond between the two materials was too weak to prohibit separation or sliding at
relatively low levels of stress, because of the difference in Poisson's ratio of concrete
and steel. Poisson's ratio for concrete is initially lower than that of steel, therefore
under low levels of axial load the steel tube expands away from the concrete causing
the bond between the two materials to break. As the crushing strain of concrete is
reached, the Poisson's Ratio of concrete increases, causing the concrete to dilate
enough so the steel tube can provide some confinement, enhancing the ductility of the
member. From his experimental data, Furlong suggested that the stiffness of a CFT
column should be the sum of the stiffness of each material as if it acted independently
from one anoth~r, as equations (2.22) and (2.23) for axial and flexural:
AE =AE +AE
,t? __ '. _. _ ..,camp c. c S••.. s ...
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-"
(2.23)
When compared to his experimental data, these equations had a mean of 0.89 for the
ratio of predicted to experimental stiffness. Furlong also concluded that the strength
of CFf columns can be accurately determined by interaction curves derived from
computations identical to those used for reinforced concrete columns, where the
concrete has a compression failure strain of 0.003. The current design guidelines for
CFfs in the U.S. [AISC,1995] are based on the research conducted by Furlong.
Tomii et el. [1995] conducted over 270 axial compressive tests on CFT stub
columns to examine the confinement effects of various parameters. The various
parameters included; (1) the slenderness ratio (kl/r) of the specimens, which was less
than or equal to 36; (2) the cross-sectional shape, consisting of circular, square, and
octagonal; (3) the concrete strength, varying between 1.7 ksi and 5.3 ksi (120 kg/cm2
and 370 kg/cm2) , and (4) the use of expansive concrete. The experiment was
conducted in two phases. The first phase examined the effects of column length and
cross-sectional shape, while the second phase examined the effects of the bit ratio,
concrete strength, and cross-sectional shape. Tomii and his colleagues observed from
their experiments, that the long columns generally failed by overall flexural buckling
while concrete crushing in the short columns occurred due to their greater effective
confinement. The experimental capacity of the shorter columns was observed" to ~
..... ex~eed the predicted capaCity based 'on superposition 'or themateriafSt.rerigthK This,
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effect was more pronounced in columns with a circular or octagonal cross-section. It
was also observed that tubular columns with either a circular or octagonal shaped
cross-section had a considerably larger load and deformation capacity after local
buckling of the steel tube, while the column with a square cross-section did not. This
illustrates that confinement effects of square columns cannot be expected. Finally the
inelastic behavior of the stub CFT column was found not to be effected when
expansive concrete was used instead of regular concrete.
Recently, the use of high strength materials was investigated by Baba et el.
[1995] on short CFT columns with a square cross-section. A total of 45 specimens
with steel strengths ranging from 55 ksi to 110 ksi (40 kg/mm2 to 80 kg/mm2) ,
concrete strengths ranging from 3 ksi to 11.5 ksi (200 kg/cm2 to 800 kg/cm2), and bit
ratios spanning from 18.5 to 74 were tested under pure axial compression. It was
observed that the normalized bit ratio, (b I t~Fy I Es ), had a significant effect on the
load carrying capacity of a CFT. The concrete strength was found to effect the
deterioration of the load carrying capacity with the higher strength concrete exhibiting
a larger deterioration of the load after peak load. A decrease in load capacity, where
the yield stress in the steel tube was not achieved, was a direct result of the large bit
ratio of the tube. Baba et al. concluded that the confining effect of the concrete by the
steel tube decreases as the bit ratio increases. It was also determined that the capacity
~.- -'" ~"',.v, .
.•-~. -:'';;:~~ ."_.:'\'::::"i~'::'.\;"~:-";;~'~"'''' ~
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of a high strengthCFf column was predicted reasonably well using superposition of
the material strengths.
The flexural behavior of high strength circular concrete filled tube beam
columns was investigated by Sakino [1995]. In his investigation a total of 28
specimens with various parameters were tested under a fixed axial load while an
increasing uniform moment was applied. The steel strength of the columns varied
between 60 ksi to 127 ksi (408 MPa to 879 MPa), while the concrete strength ranged
from 3.5 ksi to 11.3 ksi (24.5 MPa to 77.6 MPa). The diameter-to-thickness, D/t, ratio
for the tubes spanned a range of 16.7 to 152. The amount of axial force applied to the
specimen during application of moment was 0.15 No or 0.8 No, where No is the
predicted squash load of the column using strength superposition. The D/t ratio was
found to have a significant effect on the flexural behavior of the specimens. Columns
with D/t ratios larger than 100 behaved in a rather brittle manner, where columns with
D/t ratios smaller than 50 had a 5tile behavior, even under high axial load
conditions. Columns with small values of D/t ratios exceeded the predicted moment
capacity based on the ACI method for reinforced concrete columns with a 0.85 f' c
stress block. This was a result of the triaxial confinement effect introduced to the
concrete on the compression side and the biaxial tension in the steel tube on the
tension side. Specimens with a high D/t ratio w~re found to be smaller than predicted
4
due to the local buckling of the steel tube and the limited deformation capacity of
concrete.
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Fujimoto et el. [1995], examined the various affects of material and cross-
sectional properties on square CFT columns under monotonic flexural loading. The
steel tubes that were tested had bit ratios between 19 and 75, with steel strengths
spanning a range of 38 ksi to 120 ksi (2670 kgf/cm2 to 8510 kgf/cm2). The concrete
strength varied between 3.6 ksi and 11.65 ksi (259 kgf/cm2 to 819 kgf/cm2). The
amount of axial load applied to the specimen ranged from 0.13 No to 0.6 No. From the
tests it was observed that as the bit ratio was reduced the column became more ductile
and exceeded the predicted flexural capacity, as seen in circular columns tested by
Sakino [1995]. However, specimens with a small bit ratio were not effected by the
amount of sustained axial load applied to the column. It was shown that the specimen
constructed of a higher strength steel exhibited a decrease in deformation capacity.
An expression for the axial compressive load carrying capacity of a CFT
column considering confinement effects was derived by Sakino [1996] using three
assumptions. The first of these assumptions was that the failure criterion for concrete
is given by:
fcc = f'e +k .or (2.24)
where k is a confinement coefficient (4.1), and (Jr is the confining stress. The second
assumption was the steel yield criterion is governed by the Von Mises theorem:
(2.25)
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where O"y, O"z, and 0"8 are equal to the yield stress of the steel tube, the axial stress of
steel tube, and the hoop stress of steel tube, respectively. The final assumption is that
the axial and hoop stress in the steel tube at ultimate load is given by:
(2.26)
(2.27)
where a and ~ are equal to -0.20 and 0.88 respectively. The a and ~ factors were
derived from experimental results and are assumed to be independent of the material
properties and dimensions of the column. The equation for axial compression load
capacity for a CFT column considering the effects of confinement is:
Nu = f3 - ~ ka - 1.0
No 2
(2.28)
where No is determined from simple superposition of the material strengths in the
column. This equation however does not consider the effect of residual stresses, and
is found insufficient to analyze a CFT column with a length-to-diameter ratio, LID,
less than 6.0.
Expressions to numerically simulate the flexural behavior of square CFT
columns were developed by fuai and Sakino [1996], using assumptions for the stress-
strain relationships for the concrete and steel tubes. The expressions take into
consideration the effect of the confinement of the concrete and the influence of local
buckling of the steel tube while the member is subjected'to a· constant axial force,~
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to have a stress-strain behavior identical to that of plain concrete up to its compressive
strength, then afterwards the confinement behavior could be evaluated by using a
factor, D. The empirical model of the stress-strain behavior of the confined concrete
in a square CFf column was given by fuai and Sakino as :
, AX +(D-1)X 2
Ie =#e '1+(A-2)X +DX 2 (2.29)
where fe, ~, and f' e are equal to the stress of concrete (in kgf/cm2), a factor for scale
effect strength, and the compressive strength of plain concrete (in kgf/cm2),
respectively, and
(2.30)
(2.31)
in which ce, Co ,and Kc are the strain of concrete, the strain at the strength of plain
concrete (0.52·f' e1l4.1Q-3 in kgf/cm2) and a scale factor (3/2), respectively.
Furthermore in equation (2.29);
(2.32)
where Eeis the initial Young's modulus of concrete:
and
D =(x.+~.f'e+y-fre
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(2.33)
(2.34)
'- ., .•-~ \I
where freis equal to the effective confining pressure:
(2.35)
and ph, d", C, and fhs are equal to the volumetric ratio of steel tube, the thickness of
steel tube, inner width of steel tube, and the yield strength of steel tube in kgf/cm2,
receptively, and a, p, and yare to 1.50, -1.68.10-3, and 0.75 respectively.
To model the stress-strain behavior of the steel tubes of a square CFT column
several assumptions were made by Inai and Sakino: (1) The stress-strain behavior of
the steel tube is identical to hollow steel tube up to the compressive strength of the
steel tube, (2) when the compressive strength of the steel tube on the CFT column is
smaller than the yield strength of the steel tube, local buckling of the steel tube is
prevented by the concrete, and (3) after the compressive strength of the steel tube is
reached, the compressive strain decreases linearly to a certain strain tT where then the
compressive strain becomes constant at T·Py• It was assumed that tT and T are
independent of the bit ratio, where:
and
T = 1.14 - 0.21. Q1I2
(2.36)
(2.37)
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In equations (2.36) and (2.37) EB is the strain at the compressive strength and Ey is
equal to the yield strain of the steel tube, where as
2 '
a =(bit) ·pylEs (2.38)
Inai and Sakino compared their model with several experimental results from tests on
specimens with a range of concrete and steel strengths and various bit ratios. They
concluded that the flexural behavior of CFT columns was adequately predicted by the
formulation.
The deformation capacity of CFT beam-columns was investigated by
Toshiyuki et al. [1996]. Their investigation involved an examination of 165
rectangular columns and 47 circular columns consisting of high strength and
conventional strength materials. They investigated the deformation capacity of CFT
beam columns and developed expressions for predicting the limit rotation angle of a
beam column. The limit rotation angle, R95, of the beam column was defined by
Toshiyuki et al. as the amount of rotation at which 95% of the maximum load is
maintained after ultimate capacity. The main parameters of the expressions were the-
bIt ratio and the axial load, based on observations from previous tests which
concluded that the degrading slope becomes steeper with an increase in axial load, and
that theeffects of the material strengths are negligible. The expressions were
- ' ":', i '~J ' .• , ......._. ~ .~ ...
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empirical equations that were developed using a linear fit of experimental results
where for square cross-sections:
N Nb~5(%)= 4.24-1.68--0.105--
No No t
and for circular columns:
N D~5(%) = 8.0 - 0.7- - 0.03-
No t
(2.39)
(2.40)
The prediction of the limit rotation angle using the proposed formulas was found to
correspond well with the previous experimental results for both types of columns.
Zhang and Shahrooz [1997] recently conducted an analytical study on concrete
filled columns fabricated from normal strength concrete and high strength steel tubes.
Three models were developed to analytically evaluate the behavior of eFT columns
subjected to constant axial force and increasing monotonic flexural load. The first
model was based on the same method used to analyze reinforced concrete columns,
where the concrete is allowed to develop a compressive strain of 0.003 at failure, but
the ultimate strength is taken as f' c instead of 0.85 f' c' The steel is assumed to follow
an elastic perfectly plastic stress-strain behavioL The second model used was
identical to the first model except the steel over the cross-section is assumed to be
fully yielded. The third model used was based on fiber analysis. An assortment of
uniaxial stress-stress relationships of the concrete and steel layers for the fiber analysis
\._-.,.-_.. -.. ~..(
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were evaluated to determine· the best material models to be used to predict the
behavior of a CFT column.
The models were compared to the experimental data from tests performed on
CFT beam columns with square cross-sections conducted by Tomii and Sakino
[1979], Furlong [1967 & 1968], and by researchers at the Building Contractors
Society (BCS) in Japan [Fujimoto et al., 1995]. The main parameters of these studies
are presented in Table 2.1.
Zhang and Shahrooz [1997] concluded that the first model is adequate for
CFTs constructed of normal strength concrete and steel but underestimates the
strength for CFTs fabricated from high strength steel, where the second model is more
accurate. The fiber analysis proved to be the best method in predicting the behavior of
a CFT column, no matter what strength steel was utilized in the column. They also
suggested that when using fiber analys:s, the confined concrete model proposed by
Tomii and Sakino [1979]be used. The confined concrete model developed by Tomii
and Sakino is shown in Figure 2.7, where the ascending segment of the stress-strain
plot is represented by the following equation up to a strain of 0.002:
(2.41)
where fe, f' e, Ee, and Eo are the concrete stress, concrete compressive strength, the
concrete strain, and the strain~t peak stress. As shown in Figure 2.7, the post-peak.
response of the concrete is dependent on the bit ratio. Furthermore, Zhang and
32
Shahrooz concluded that a elastic-perfectly plastic model of the steel compression
fibers in a CFf column should be utilized when modeling a CFf column in which
local buckling of the steel tube occurs.
Further studies were conducted using the fiber analysis method to investigate
the effects of residual stresses and cold work stresses. Zhang and Shahrooz [1997]
foutld that cold work effects were minimal on the behavior of the CFf column, but
residual stresses can significantly effect the behavior of a slender CFf columns under
high axial loads and combined with flexural loading.
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(a) TOffin and Sakino
Specimen bit f, fy E, PIP.
(ksi) (Mpa) (ksi) (Mpa) (ksi) (Mpa)
1-0 44 3.4809977 24 28.138065 194 29870.587 205945 0.00
1·1 44 5.5405881 38.2 28.138065 194 29870.587 205945 0.13
1-2 44 5.5405881 38.2 28.138065 194 29870.587 205945 0.27
1-3 44 5.5405881 38.2 28.138065 194 29870.587 205945 0.33
1-5 44 5.5405881 38.2 28.138065 194 29870.587 205945 0.46
1-6 44 5.3230257 36.7 28.138065 194 29870.587 205945 0.58
11·0 44 3.132898 21.6 44.23768 305 30297.299 208887 0.00
II-I 44 3.132898 21.6 44.23768 305 30297.299 208887 0.09
11-2 45 3.132898 21.6 49.169093 339 31008.438 213790 0.18
11-3 45 3.132898 21.6 49.169093 339 31008.438 213790 0.26
11-4 45 3.132898 21.6 41.917014 289 31293.009 215752 0.38
II-5 45 3.132898 21.6 41.917014 289 31293.009 215752 0.48
11-6 45 3.132898 21.6 41.917014 289 31293.009 215752 0.57
III·O 34 2.9878564 20.6 41.917014 289 30581.725 210848 0.00
III-I 34 2.9878564 20.6 41.917014 289 30581.725 210848 0.09
III-2 34 2.9878564 20.6 41.917014 289 30581.725 210848 0.19
III-3 33 2.9878564 20.6 41.771973 288 29870.587 205945 0.28
III-4 33 2.9878564 20.6 41.771973 288 29870.587' 205945 0.37
III-5 33 2.9878564 20.6 41.771973 288 29870.587 205945 0.47
III·6 33 2.9878564 20.6 41.771973 288 29870.587 205945 0.56
IV-O 24 2.6977732 18.6 4J.191807 284 32715.432 225559 0.00
IV·1 24 2.6977732 18.6 4J.191807 284 32715.432 225559 0.10
IV-2 24 2.6977732 18.6 4J.191807 284 32715.432 225559 0.19
IV-3 24 2.6977732 18.6 41.336848· 285 32715.432 225559 0.29
IV-4 24 2.8718231 19.8 41.336848 285 32715.432 225559 0.38
IV-5 24 2.8718231 19.8 41.336848 285 32715.432 225559 0.48
IV-6 23 . 2.8718231 19.8 41.771973 288 31293.009 215752 0.57
..
Specimen bit f, fy E, PIP.
(ksi) (Mpa) (ksi) (Mpa) (ksi) (Mjia)
ER8-A-4-01 19 5.8741837 40.5 12J.10971 835 31435.15 216732 0.08
ER8-C-2-04 27 3.6840559 25.4 121.10971 835 31719.722 218694 0.39
ER8-C-2-06 27 3.6985601 25.5 121.10971 835 31719.722 218694 0.59
ER8-C-4-025 27 5.8741837 40.5 121.10971 835 31719.722 218694 0.25
ER8-C-4-04 27 5.8741837 40.5 121.10971 835 31719.722 218694 0.40
ER8-C-4·06 27 5.8741837 40.5 121.10971 835 31719.722 218694 0.59
ER8-C-8-04 27 11.168201 77 121.10971 835 31719.722 218694 0.40
ER8·C-8·06 27 11.168201 77 121.10971 835 31719.722 218694 0.60
.ER8-D-4-04 41 5.8741837 40.5 121.10971 835 31435.15 216732 0.41
ER8-D-4-06 41 5.8741837 40.5 121.10971 835 31435.15 216732 0.61
ER6-C-2-025 33 3.6840559 25.4 89.635692 618 32146.434 221636 0.25
(b) BUIldmg Contractors Society (BCS)
Specimen bit f, fy E,. PIP.
(ksi) (Mpa) (ksi) (Mpa) (ksi) (Mpa)
F-I-1 26 6.5268708 45 70.345163 485 29001.788 199955 0.25
F·I-2 26 6.5268708 45 70.345163 485 29001.788 199955 0.38
F·I-3 26 6.5268708 45 70.345163 485 29001.788 199955 0.38
F-I-4 26 6.5268708 45 70.345163 485 29001.788 199955 0.63
F-I1-1 48 3.3359562 23 48.008761 331 29001.788 199955 0.18
F-II-2 48 3.3359562 23 48.008761 331 29001.788 199955 0.18
F-I1-3 48 3.3359562 23 48.008761 331 29001.788 199955 0.48
F-I1-4 48 3.3359562 23 48.008761 331 29001.788 199955 0.74
F-I1-5 48 3.3359562 23 48.008761 331 29001.788 199955 0.74
F-III·O 32 4.2062056 29 48.008761 331 29001.788 199955 0.00
F-III-1 32 4.2062056 29 48.008761 331 29001.788 199955 0.06
F-III-2 32 4.2062056 29 48.008761 331 29001.788 199955 0.19
F·III-3 32 4.2062056 29 48.008761 331 29001.788 199955 0.19
F-III-4 32 4.2062056 29 48.008761 331 29001.788 199955 0.39
F-III-5 32 4.2062056 29 48.008761 331 29001.788 199955 0.45
F-III-6 32 4.2062056 29 48.008761 331 29001.788 199955 0.45
F-III-7 32 4.2062056 2'9 48.008761 331 29001.788 199955. 0.65
(C) Furlong
Table 2.1 - Main Parameters of Studies used by Zhang and Shahrooz to
Evaluate Models
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CHAPTER 3
EXPE~ENTALPROGRAM
3.1 General
In this chapter the experimental program is described. Four CFT stub columns
and eight CFT beam columns were fabricated to two-thirds scale of a first floor
column from the 12 story U.S.lJapan perimeter MRF prototype theme building. The
details of the fabrication of the specimens along with the individual material
properties of the steel tube and the concrete are presented. Two experimental test
setups were designed. The first setup that was used for the CFT stub columns
consisted of pure axial loading being applied to the test specimen. During testing the
axial load, longitudinal and hoop strains, and axial shortening were recorded at
various locations on the specimen. The second experimental setup that was used to
test the beam-column specimens was designed to impose a constant axial force on the
specimen while an increasing constant flexural load was applied. During testing of
the beam columns the rotations at various heights along the specimen, the deflected
shape, longitudinal and hoop strains as well as axial and flexural loads were recorded.
3.2 Prototype Building Frame
The open CFT column system of the U.S.lJapan Cooperative Earthquake
Engineering Research Program - Hybrid Structures was selected as the prototype
structure for purposes of sizing the test specimens [Zhang and Rides, 1996]. The
height of the building was taken to be 12 stories. The floor plan for the prototype
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building is shown in Figure 3.1. The layout of the structure is 6 bays in the East-West
direction and 5 bays in the North-South direction. Each bay has a 21 foot column
spacing, except for the middle bay in North-South direction where the columns are
spaced at 31.5 feet. The building has four perimeter moment-resisting frames (MRFs)
and four interior moment resisting frames, where the latter are along column lines.
The elevation of the prototype is shown in Figure 3.2. The first floor had a height of
15 feet, while the remaining floors had a height of 12 feet. The prototype building
consisted of CFT columns and wide flange steel (WF) beams. The CFT columns were
designed using A500 Grade-B (Fy = 50 ksi) steel tube and concrete having a nominal
compressive strength of 8000 psi. The beams were designed assuming A36 steel
materials (Fy=36 ksi).
The building was assumed to be situated in a severe seismic zone, identified
by the NEHRP Provisions [1994] as Seismic Hazard Exposure Group n. The building
was designed to have special moment resisting frames, where, the seismic parameters
for the building were Soil Type D, Seismic Performance Category D, Response
Modification Coefficient of R =8 and a Displacement Amplification Factor of Cd =
5.5. A value of OAOg was assumed for the effective peak acceleration (Aa) and
effective peak velocity (Av).
The static loading conditions of the prototype building were designed using
the recommendations of AISC LRFD [AISC, 1995] and NEHRP [1994], for a
. '~eorrimon offiCe'\"lm:rrdifig;;~GUpan~r.wv.heret-the;'design.·dead and live loads for each
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floor were 100 psf and 50 psf, respectively, and 100 psf and 20 psf, at the roof. The
seisl.Jlic design loads of the prototype building were calculated following the NEHRP
Equivalent Lateral Force procedure. In accordance with the NEHRP provisions, the
fundamental period T of the structure and the maximum seismic base shear V were
found to be 2.81 seconds and 153 kips, respectively. The design of the building was
found to be controlled by the inter-story drift 0 criteria per NEHRP:
(3.1)
where CD is the Deflection Amplification Factor and Oxe is the deflection determined
by an elastic analysis. The allowable inter-story drift limit of /). = 0.15 hsx was
adopted, where hsx is the story height. A more detailed discussion of the prototype
design can be found in Zha~g and Rides [1996].
For purposes of comparison, a suel moment-resisting frame with WF columns
and of the same geometry for a 12 story buildings was also designed. This MRF
utilized A572 Grade 50 steel WF columns (Fy = 50 ksi) and A36 steel (Fy = 36 ksi) for
the beams. The design of the MRF with all WF columns was also found to be
controlled by inter-story drift. Both sets of frames were designed utilizing the strong-
column-weak beam philosophy, in which the beams are designed to dissipate the
seismic energy by yielding while the columns remain essentially elastic. The member
sizes of both frames are shown in Figure 3.3. As mentioned in Chapter 1, a reduced
amount of steel is needed in an MRF h~ving CFT columns compared to that having
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WF columns. The test specimens correspond to a two-thirds scale model of a first
floor column from this 12 story MRF perimeter prototype building.
3.3 Test Matrix
The test matrix for the study included four stub column specimens and eight
beam column specimens. The beam column specimens were tested under constant
axial load and monotonically increasing moment. A summary of the test specimens is
given in Table 3.1, and the measured cross-sectional dimensions of the test specimens
are given in Table 3.2. The nomenclature for each test specimen is based on the type
of specimen (stub columns - SC, versus beam columns - BC), the tube width-to-
thickness (bit) ratio, and steel nominal yield strength. For example, Specimen SC-32-
46 is a stub column (SC) test specimen constructed of a steel tube having a nominal
bit ratio of 32 and a nominal yield st-ress of 46 ksi. The identification of the beam
column specimens included the percentage of axial compressive load sustained on the
specimen relative to its squash load (Po) during flexural loading. For example,
Specimen BC-32-46-20 is a beam column (Be) test specimen constructed of a steel
tube having a nominal bit ratio of 32 and nominal yield stress of 46, and an applied
constant axial load of 0.20 Po.
,
The lengths of the stub column and beam column specimens were 48 inches
and 156 inches, respectively. As will be discussed later, the length over which the
moment was developed in the beam column specimens was 60 inches.
.'
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All of the test specimens had nominal cross-sectional dimensions of 12 inches
.by 12 inches square and bit ratios of either 32 or 48. For each bit ratio, the steel tube
was made from either A500 Grade-B or Grade-80 material, with the concrete that was
placed inside of the tube having a nominal compressive strength of 16 ksi. The steel
material was selected to demonstrate the importance of matching the steel yield stress
with the crushing strain of the concrete. For the beam column specimens the axial
load (P) on the specimen was either 20 or 40 percent of the nominal axial load
carrying capacity (Po) of the specimen based on the strength superposition of each
material.
3.4 Fabrication of Test Specimens
Grade-80 and Grade-B steel coils, provided by Lukens Steel, were fabricated
into tubes by the Bull Moose Tube Company utilizing the Form Square-Weld Square
(ERW) Process. This process meets the ASTM A-500 [ASTM, 1997] requirements
for the manufacturing of hollow structural sections (HSS). In this process the coils
were slit longitudinally to the necessary width of the specimen, the steel then was
driven through a series of rolls to progressively form two adjacent comers of the tube.
Gradual forming of the two opposite comers progressed in the same manner. Figure
3.4 illustrates the above process. No cold working of the sides of the structural shape
was performed, and the seam of the tube was welded using high frequency contacts.
When the welded tube was near its· final shape and size it was allowed to cool from
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welding, then it is taken through a final series of rolls to obtain the final dimensions.
The steel tube was then saw cut to its required length.
The test setup for the beam column specimens required eight-2 inch holes to
be drilled in the steel tube as shown in Figure 3.5 in order to accommodate the
flexural loading apparatus. These holes were drilled on the centerline of the east and
west faces at 12 inches and 45.5 inches from each end of the column. They were
locateded so the loading beams used in the test setup could be connected to each end
of the specimen and maintain a testing region of 60 inches between loading beams.
After the holes were drilled in the beam columns, all the cut tubes were
shipped to a construction yard in Chicago, lllinois to be filled with high strength
concrete. Due to limited avai~ability ofhigh strength concrete on the eastern coast of
the United States the tubes had to be filled in Chicago, where Prairie Materials
donated the concrete for the test specimens. Prairie Materials is a commercial
concrete supplier, who consistently mixes concrete batches with compressive
strengths greater than 15 ksi.
PVC tubes with a outer diameter of 1.9 inches and an inner diameter of 1.5
inches were cut to 14 inch lengths and inserted into the drilled holes on the beam
column specimens. Scaffolding was erected to support the steel tubes during pouring
of the concrete and to allow the workers to work around the tubes. The beam columns
were placed in an upright position, checked with a plumb line and a level, then braced
"f' <' ,. "'-:-C~:~:i.tErr:'t~--' ;,,~-.,..+;,:.;.. ',,';.'7U;.,:,:."..;;~aU~;:""';·:V"4 • o...:,~.,.. : ';7.~;.:_J ,~-".' "'-.~ - •._~ "-,, -..:c-~._:':'-'~:-'L~~-j~I~;" ""rW'~W-t"'··::;'~~~';~>f.""'~~.-:,,~.
to the scaffolding as shown in Figure 3.6. To secure and prevent uplift of the column
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during concrete placement the base of the columns were tack welded at their comers
to large steel plates which had been placed underneath the columns. The stub
columns were also placed upright and tack welded to a steel plate, as shown in Figure
3.7.
A total of approximately 10 cubic yards of high strength concrete were
required to fill the steel tubes and material testing cylinders. The measured slump of
the concrete was 9 inches. Ten cylinders were cast first using plastic cylinder molds
and following ASTM C 31 [ASTM 1997] procedures. It was noted while the
cylinders were being cast that shrinkage cracks formed quickly in the concrete. The
beam columns were filled by using a concrete bucket and placing the concrete into the
steel tube in three lifts as shown in Figure 3.8. fubetween lifts the concrete was
vibrated using an electric vibrator. After one-half of the beam columns were filled
with concrete, 10 additional cylinders were made and then the stub columns were cast.
The concrete was placed into the stub columns also in three lifts, as shown in Figure
3.9, and vibrated between lifts using an electric vibrator. The remaining beam
columns were then poured in the same manner as previously described. Ten more
cylinders were cast after pouring of the beam columns was completed.
During concrete placement, all of the columns were overfilled with concrete
and then troweled, leaving an excess of concrete, as shown in Figure 3.10. The excess
concrete was later ground flush with the steel tube just before testing the sp~cimens.
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the shrinkage cracks from forming in the stub column and beam column specimens
wet burlap was placed over the ends of the specimens as soon as each individual
column was filled. Plastic was then wrapped and tied around the specimens and the
burlap in an attempt to keep the moisture in the concrete.
The specimens were allowed to cure for three days after pouring before being
transported to Fritz Laboratory at Lehigh University. During this time, the burlap was
kept wet. To prepare the specimens for shipment, the tack welds were removed from
the column and the specimens were laid on wooden blocks, where wet burlap and
plastic were wrapped around the newly exposed end of the specimen that had been
previously tack welded to the steel plates. The specimens were transported on the
bed of a 16 wheel truck. In order to decrease the amount of movement and vibration
the specimens may undertake while being transported, planks of Styrofoam material
were placed underneath and between the specimens on the truck bed and the
specimens were also secured to the truck bed with ropes. The specimens were then
completely covered with heavy sheets of plastic to block the sunlight and wind from
drying the burlap during transport.
Once the specimens arrived at Fritz Laboratory they were laid down and
stacked on top of each other inside the laboratory as shown in Figure 3.11. The burlap
was continuously checked and· soaked in water up to 56 days after pouring of the
concrete. At this time the ends of the specimens were made flush. 'by grinding. The'
concrete was ground by a hand-held grinder, using a metal carpenter's angle to check
.-
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for any deviation between the steel and concrete. Any tack weld material still attached
to the comers of the base of the column were also ground at this time.
3.5 Material Properties
As noted previously, the test specimens were constructed out of ASTM A500
Grade-B and Grade-80 steel with 16 ksi nominal compressive strength concrete infill.
The steel tubing was supplied by Bull Moose Tube while the concrete was provided
by Prairie Material. Steel tubes with the same nominal strength and thickness were
fabricated from the same heat. Material properties of the steel were determined by
conducting uniaxial tension coupon tests. The dimensions of the steel coupons were
in conformity to ASTM E8 [ASTM 1397], and had a standard eight inch gage length.
A total of six-coupons were tested from each heat. Figure 3.12 displays the locations
of where the coupons were taken out of each tube. Coupons were removed from the
tube on the centerline on the east and west faces. Due to the presence of the seam
weld. on the north face, coupons were taken at a distance of 3 inches in from each
comer on this side of the tube. For conformity around the tube, coupons were taken
on the south face also at 3 inches from the comers.
The steel coupons were tested in accordance to the guidelines outlined by the
Structural Stability Research Council [Galambos, 1994] for standard tension testing of
metallic materials. The result of the tensile tests showed that a variation of static yield
stress was prevalent around the·cross-.section of the-tube as illustrated in Figure '3.12.
The variation in yield stress is a result of the cold working of the tube during its
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fabrication. Table 3.3 presents a summary of the average material properties for each
tube. The quantities Es, Est. Fy, Fys, Fu, YR, Ey, and /l are equal to Young's Modulus,
modulus at the onset of strain hardening, yield stress at 0.2% offset, static yield stress,
ultimate strength, yield ratio (FylFu), yield strain, and strain ductility (ratio of strain at
ultimate strength to yield strain), respectively. The yield ratio (YR) ranged from 0.81
to 0.85, except for the Grade-B with a steel thickness 0.34 inches which had a YR
~
value of 0.59. A typical stress-strain curve for a typical coupon from each tube is
shown in Figure 3.14. Each steel had a well defined yield stress, followed by a yield
plateau. As seen in Figure 3.14, the Grade-B steel had more elongation at fracture
compared to the Grade-80 steel. Furthermore, the thinner wall steel had a higher yield
stress for both grades of steel.
The concrete compressive strength was determined by testing 6 inch diameter
cylinders under an axial compressive force in accordance with ASTM C39-89 [ASTM
1997]. Moist Cylinders which were cured in enclosed plastic molds were tested at 7,
14, 28, 56 and 90 days after pouring. In addition, four cylinders that were cured in a
limestone bath were tested 28 days after pouring and five cylinders that were cored
out of a spare concrete filled tube and tested 110 days after pouring. Figure 3.15
shows the locations that the cylinders were cored out of the spare column. The cored
cylinders were tested to determine the most likely insitu strength of the concrete.
Figure 3.16 shows the corp.pressive strength as a function of time for the various
cylinders cured under different conditions.
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During testing the axial strain of the cored cylinder, during testing was
measured using clip gages that were spaced at a 90° interval around the circumference
of the cylinder at midheight, as shown in Figure 3.17. Aluminum blocks were
attached to a cylinder with high strength epoxy so the clip gages could be mounted on
the cylinder. The stress-strain response for the cored cylinders is shown in Figure
3.18. The cylinders displayed a very brittle failure at maximum load. No
measurements could thereby be taken following maximum load. The average strain at
crushing of the cored concrete was determined from the stress-strain curves to be
equal to 0.0026 in.lin. The modulus of elasticity of the cored cylinders was determined
by fitting a line through each stress-strain curve, and an average value of 6154 ksi was
obtained.
Due to the inner width of the columns, the height-to-diameter ratio (hID) of the
cored cylinders was smaller than 2 when removed from the CFT column. This may
result in an increase in the ultimate compressive strength of the cored cylinder, and a
reduction factor RF is required to account for the effects of the restraint of lateral
expansion from the platens of the testing machine [Bartlett & MacGregor, 1994]. The
reduction factor is expressed as follows:
RF = (- 0.144 +0.027Z\ d +0.0030 Je' NS J(2 _ !!-)2
v 1000 D
(3.2)
where Zwd is the indicator variable for core moisture condition, taken as 0.5, and
feNS is the average uncorrected strength of concrete core specimen, with constant
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height-to-Diameter ratio between 1 and 2. The reduction factor was found to
negligible (an average value of RF = 0.9984 was found). The material and
dimensional properties of the cored cylinder are displayed in Table 3.4. The
properties f' e, Cue, Ee are equal to the corrected compressive strength, the strain at
failure, and the modulus of elasticity of the cored concrete cylinders.
3.6 Experimental Test Setup
3.6.1 Stub Column Test Setup
The stub columns were tested in the 5 million pound universal testing machine
located in Fritz Laboratory at Lehigh University. A schematic of the stub column test
setup is shown in Figure 3.19, with a photograph given in Figure 3.20. A fixed head
configuration was utilized during testing to constrain rotation of the ends of the
specImen.
The stub column was tested on a mobile steel pedestal for ease of installation
and removal of the stub column from the universal testing machine. The mobile steel
pedestal has a hardened surface capable of withstanding 5 million pounds of force.
Centered onto the top of the pedestal and under the test specimen were two 80 ksi
strength steel 1.5 inch thick steel plates stacked on top of each other. A thin layer of
wet hydrostone was placed at both ends of the specimen, and with use of a plumb-bob
and a level the' specimen was aligned vertically under the platen of the universal
. testing machine. The hydrostone was used to provide a uniform load distribution over
the cross section of the specimen. To check the initial alignment of the specimen a
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small load of· approximately 2 to 5 kips was applied during the curing of the
hydrostone. Alignment was considered satisfactory if the longitudinal strains
measured on the outside surface of the steel tube of the specimen by strain gages did
not deviate by more than 10% from the average strain gage reading at a cross section.
A curing time of approximately 12 hours was required for the hydrostone to reach its
full capacity. During this time, the instrumentation was placed on to the specimen,
and final specimen dimensions were taken.
For Specimen SC-48-46, a modification of the test setup was attempted.
Instead of using the hydrostone, a copper sheet was inserted between each end of the
specimen and the platens of the universal testing machine. The substitution was
attempted in order to allow for quicker down time between tests, since curing of the
hydrostone requires half a day while copper requires no time at all. It was determined
during specimen alignment that the copper did not allow for proper distribution of the
load throughout the cross section, where high strains were reported at one comer of
the steel tube while low strains were noted at the diagonally opposite comer. The
cooper sheets were subsequently removed and replaced by hydrostone. Hydrostone
was employed in all remaining tests.
3.6.2 Beam Column Test Setup
The beam column test setup was designed to apply a flexural load at each end
of the specimen, causing the columri to develop single curvature, while maintaining a
. ... . ~1i!~"t~;;:i:;-;~.:
constant axial load, as illustrated in Figure 3.21. A schematic of the test setup is
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shown in Figure 3.22, while a photograph of the actual test setup is displayed as
Figure 3.23. The universal testing machine was employed to apply the axial load P
while the flexural moment M was applied by using two 150 kip capacity hydraulic
actuators attached to 60 inch long W27 x 94 loading beams connected to the
specimen. The specimen was subjected to a constant primary bending moment by
subjecting the loading beams to equal and opposite flexural loads Qgenerated by the
actuators. The ends of the actuators were connected to the loading beams by a pinned
clevis, which allowed the actuators to stay parallel to the specimen during testing.
The ends of the specimens were permitted to rotate freely by the use of
cylindrical bearings at the top and base of the specimen. A schematic of the bottom
cylindrical bearing is presented in Figure 3.24, and a photograph of the bearing is
shown in Figure 3.25. The cylindrical bearings were designed to withstand a load
capacity up to 2 million pounds while maintaining the center of rotation at thl? edge of
the bearing where the column face is connected and at the centerline of the column, as
shown in Figure 3.24. [Huber, 1958]. The cylindrical bearings were bolted to the
head of the testing machine and to the floor. A thin layer of hydrostone was placed
between the end of the column and the platen of the cylindrical bearing to provide a
uniform axial load distribution over the cross-section of the specimen. The column
was tack welded to the platen of the cylindrical bearings after thehydr<?stone .dried to
assure that asuiface connection would be maintained. The cylindrical bearing was - . . ---
re£.i:0:[t,'!''r~':.'i''~~'···\--),'~';'xr+,,'\~(l,or;~~~~~'::-:Y_'~:Y;iY ~t:ft' __':~(l:~~~7::'go;;~' ---·"':~~rrf?:'~7~~~~L.f7-f17B2JiiG.~.s;;~~~..cB.J.~~';r11Q~.'~:'~1.~~:~~!lG:,,: ('A~~l"f:E:-~~i;~:~C~':'5:".f':::l5R'i.;;:;:~V~
equipped with wedges and plates which could be adjusted to eliminate any small
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eccentricities in the specimen with respect to the axial load. These small adjustments
could be done while maintaining a small amount of axial force of 1-3 kips.
Figure 3.26 is a photograph of one of the four W27 x 94 loading beams used in
conjunction with the actuators to apply the flexural force to the specimens. Each
loading beam was constructed from ASTM A572 steel. The loading beams were
attached to the test specimen using a bolted end plate moment connection. Figure
3.27 shows a photograph of the connection. The loading beam end plates were
clamped to the test specimen by using threaded rods that passed through and outside
of the tube as shown in Figure 3.27. In the connection region where the loading
beams were attached the panel zone of the specimen was confined by 0.75 inch thick
steel plates to prevent distortion of the test specimen. Stiffened plates with fine
threaded bolt holes were welded onto the backside of the beam end plates as shown in
Figure 3.27. Fine threaded bolts were screwed down through these stiffened plates to
cause the 0.75 inch steel plates to securely bear against the side of the specimen. A
photograph of the confinement plates is shown as Figure 3.28.
The hydraulic system used to apply the flexural loading for the experiments
consisted of a main hydraulic pump, two hydraulic service manifolds (HSMs), two
digital control servo valves (DCVs), two hydraulic actuators (as mentioned above),
pressure hoses, a control box, and a computer to monitor and control the loads being
'~') '··"·').""'P~ • '-t"."I':..L.;,.'"""'D '-';~"'J7:':~ '.""....\f0~, ."~-<:' '...._~".,,:1.."'.:T4J:s:";T..0:~"\<-;1,~)..'~1~.f;';-:.;z:;': ...... ,..,... ..
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Figure 3.29. The hydraulic pump pushed the hydraulic oil to each of the two HSMs at
. ""'u'w'''' .g~l1eratedby tQ~~.h19I~1!H~ system. A scl1en.!~~ic of the hydraulic system .is shown in
l.:i),~~;::z5~:LL>t._-.vr~~. _": ,'"
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ja constant gage pressure of 3000 psi. Each HSM acted as a pressure regulator,
depending on which of the 3 hydraulic limits was set, the hydraulic oil pressure in the
rest of the system could be manipulated. During testing of the beam column
specimens the pressure in the system was maintained at a constant gage pressure of
1200 psi. The pressure output from HSM was fed to a hydraulic digital control valve
(DeV) for each actuator. The DeV would pump pressure in and out of the actuators
until the electronic signal from either the temposonic or the load cell on the actuator
was equivalent to the electronic signal outputted by the control box. The command
outputted by the control box was generated by the computer. The computer used a
multiple actuator control program to simultaneously or independently control the two
actuators by small displacements. Along with controlling the DeV the control box
could be used to change the pressure in each HSM to off, low, or high. Additionally,
an emergency stop was installed to shutdown the main pump. The emergency stop
was a stand alone limit switch. Two relay switches were mounted near the loading
beams to limit the range of undesired movement of the beams. The relay switches
were electronically connected to the control box and could tum off the HSM, therefore
cutting the hydraulic pressure in the system.
To prevent the specimen from moving out of plane during testing, lateral
support bracing for the loading beams was erected. A rectangular lateral bracing rig
~
was attached to the top and bottom flanges of each loading beam at approximately 30
(:U!",-~,:,_ trf~-P .-'-"'1"-:-~""_:-;:'fl::;:..t!::..(~....,'X;';..~~~..:._"~ l ~.:.m:iill~:r~:o:~..,r:">;·.;;'_-~'_';;;l ..:::;:-3(:l1t';~:"'~,")~~·;:·'· .- ," .-.-._".. ".__.... --"J)
.. inches' from the' specimen 'face, as indicatoo' in Fi'gufe' T22~and-showri'Ph6tographed4'n"='::-i;:"':'QillP"~ .
~
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Figure 3.30. The ~ateral bracing rig was allowed to move vertically but restrained
from lateral motion by the use of two 15 foot tall W12x190 lateral support columns as
shown in Figure 3.31. A photograph of the lateral bracing system is shown in Figure
3.32. Teflon sheets were glued on the surfaces of the support rig and the W12x90
column that were in contact in order to reduce the amount of friction between these
surfaces.
The installation of a beam column speCImen involved several steps. The
specimen was first laid down on the laboratory floor, outside the universal testing
machine, being supported by wooden blocks. The seam weld in the tube was face up.
The loading beams, with the lateral bracing rig and actuators attached to them, were
placed into position on the test specimen using the overhead crane. Using the center
line holes in the end plate of the loading beams and the holes in the &pecimen the
beams were aligned. The pistons of the actuators were moved manually to achieve the
best fit between the loading beam and the specimen. The confinement plates for the
connection regions of the loading beam and column specimen were then placed into
position. The threaded rods were then inserted into the connection and tightened
using a hand held impact wrench to 55 - 60 kips each.
A trolley was used to position the beam column specimen into the universal
testing machine. A photograph of the trolley is shown in Figure 3.33. The trolley
consisted of a 120 in. x 36 in. x 3in. steel plate that .was placed on four heavy duty
·L"",,=,,-~~,,~rW'l1',;c;-::::'·'"~"·'tailk::wheeTS'.:::~-'Ffie'4J6ttoilfCcylinCltical" beating":oftlle"'tesY";-se1tip"'-was""situated"'1tFtbe"·'i>C:17~-
, J '
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center of the plate and two 36 inch tall steel pedestals were clamped to the edge of the
plate to support the specimen and loading beams, as shown in Figure 3.33.
Using the overhead crane the specimen was lifted onto the trolley, whereby it
was placed in an upright standing position ,on the cylindrical bearing. Small jacks
were bolted on the steel pedestals of the trolley, and extended to support the loading
beams. The loading beams were then clamped to the jacks to tie the specimen down
to the trolley. The confinement plates for the connection region of the loading beams
and specimen were then tightened down. The specimen was pushed under the
universal testing machine head between the lateral support columns and steel strands
that were connected to the machine head were wrapped around the top loading beams
the bottom loading beams and the bottom cylindrical bearing. The clamps were
removed form the loading beams and the jacks were then lowered. The trolley was
then removed by raising the specimen and test setup into the air by raising the
universal testing machine head. After the trolley was removed the specimen was
lowered and the bottom bearing was bolted to the test floor. The hydrostone for the
bottom bearing was placed by raising and then lowering the test specimen into
position and the bottom steel strands were removed. The top cylindrical bearing for
the test specimen had been bolted to the head of the universal testing machine, where
it remained throughout the tesCprogram;'Followingthe-placement-ofthe .hydrostone
on the top end of the sp~cim.en, the~ead of the machine 'with the top bearing was
. " .. ~.;c"i:i·l.T-«:'lJ' ..a:.z.r(';(I~rJ"r:j-l~-"_' . •_~rL.'4..'-.I\' ,"tl~.,,:;i:l_~~'::.; ._: ·~-:CM~~.;.;hT:'t~r::rA.'".:'~~~~~~"7'\,:T7-;'91;7'~A."';'< • ~:T.~C'-:'-'7rc..'-•.--,_'_-
·-,·""····lbwered··iil:RiLJ?OstrtOh:'!>c'Fh~~teel'sfi'afiii#el'ftopWereriotremo'vea·t(niffutem1i.fouriIfg··~····~·'···'·'i;~,~..tT.m'
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testing the column_ could not fall out of the testing machine. Finally, the specimen
was tack welded to the cylindrical bearings and the lateral bracing rig was locked into
location before testing. Removal of the specimen was performed in the reverse
manner.
3.7 Instrumentation Plan
3.7.1 Stub Column Test Specimens
All data from the instruments was collected using the DATACQ 4.2 computer
controlled data acquisition system. For each of the four stub tests, 12 linear variable
differential transducers (LVDTs), 24 strain gages, and 1 single sided strain gage were
utilized during testing. Head travel was measured using a string-pot and the machine
load was measured by the load cell of the 5 million pound universal testing machine.
The testing machine plotted the head travel of the machine versus load during testing
of the specimens. The data -acquisition computer and all instruments were plugged
into a back-up power supply in case of a power failure.
The axial shortening of the specimen was measured using the 12 LVDTs. On
each face of the specimen four LVDTs were placed in series along the height of the -
specimen, where they were attached to the specimen at 18 inches, 30 inches, 42 inches
above the base of the column on all four sides. as shown in Figure 3.34. The LVDTs
each had a stroke of ±2 inches each and a resolution-·of about 0.001 inches, The
LVDTs were connected to,the specimen by using coupling nuts and threaded rods,
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Stains were measured in both the longitudinal and horizontal direction using a
total of twenty-four 120 ohm uni-axial strain gages, as shown in Figure 3.35. Each
strain gage had a resolution of 24 microstrains and a range of ±48000 microstrain,
where the strain gage output signal was gained by 100 using Vishay signal
conditioners. The strain gages were arranged in three tiers along the height of the
specimen. The top tier, middle tier, and bottom tier were located 36 inches, 24 inches,
and 12 inches above the base of the specimen, respectively. The longitudinal strains
were measured using 14 strain gages placed vertically on the specimen as indicated in
Figure 3.35. On all faces, vertical strain gages were located at 1.5 inches from the
comers on the middle tier, while the remaining 6 vertical gages were located down the
centerline of the south and east faces at each tier. The remaining 10 strain gages were
positioned in the horizontal direction to measure the hoop strains of the steel tube (see
Figure 3.35). When the location of the horizontal gages coincided with that of the
vertical gages on the south and east faces at all three tiers, the horizontal gages were
placed below the vertical gages.
A uni-axial 350 ohm one-sided strain gage was used in conjunction with 120
ohm gages. The output signal of the one sided gage was gained by 100 using Vishay
conditioners, resulting in a range of ±48000 microstrains and a resolution of 24
microstrains; -The one"sidedstraingage'waslocated-l.5 inches from the left comer of
the steel tube near the 120 ohm gage'in the middle tier on the north face. The one-
f
;;~*~¢"~""~!~"':;;:~~~,~i:;;:,;,,··~ifle( s.~!'l~gage:7p0n,s~sts-. of'fWfl.e~ib1e ~e"'.of~stic;.;and~rtwo.,.35(kohrh-uniaxial ' . .'
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strain gages on each side, where the plastic had a thickness of 0.762 inches. By
measuring curvature from the two gages, the strain at the midthickness of the steel
tube can be determined.
The axial load and head travel of the specimen were measured using a load
cell and string-pot, respectively. The axial load was measured using the load cell that
was housed in the universal testing machine. This load cell had a capacity of ±5000
kips and an accuracy of 1.555 kips. The string-pot to measure the head travel had a
10 inch stroke and a resolution of 0.005 inches. The head travel was measured by
clamping one end of a copper wire to the head of the machine and connecting the
other end of the wire to the string-pot, which was bolted down to the base of the
pedestal.
3.7.2 Beam Column Test Specimens
The beam-column test specimens each utilized 9 rotation meters 16 linear
variable differential transducers (LVDTs), 30 strain gages, 3 load cells, and 3
stringpots to measure the critical response of the specimen. All data was recorded
using the DATACQ 4.2 computer controlled data acquisition system. During testing
the average of the actuator loads Q versus the average actuator piston displacement
was displayed using a computerized plotter. The data acquisition and all instruments
were connected to a backup power supply in case of power failure during testing.
I
The nine rotation meters were ~anged down the centerline ofothe weld seam
. ... .
on the north face of the steel tube to measure the rotation of the &pecimen. Figu.re~",.',-,6","",,"B~'S:_';"
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3.36 is a schematic showing the locations of the rotation meters, while a photograph
of the rotation meters in the test region of the specimen is shown in Figure 3.37. A
rotation meter was positioned on each cylindrical bearing while in the test region the
rotation meters were located at 15, 22.5, 30, 37.5, and 45 inches from the end plate
-'----- --
connection for the loading beams as shown in Figure 3.36. The output signals from
each of the rotation meters was gained by 20 using Vishay conditioners, resulting in
each rotation meter having a range of ±0.14 radians and a resolution of 0.00007
radians. The rotation meters were attached to the specimen by bolting into coupling
nuts which were tack welded to the steel tube of the specimen.
The instrumentation plan for the LVDTs is displayed in Figure 3.38. Lateral
movement of the cylinderical bearings was monitored by four LVDTs, while five
LVDTs measured the inplane horizontal displacement of the specimen due to bending.
The overall axial deformation of the test specimen was measured in the test region
using 2 LVDTs. Any slip between the connection of the loading beam to the
specimen was measured using 4 LVDTs, while one LVDT measured out of plane
movement of the specimen (not shown in Figure 3.38).
LVDTs having total strokes of 4 inches and a resolution of 0.009 inches, were
attached to the north and the south faces of each bearings. The LVDTs were placed so
that movement in the east and west direction would· be .measured, allowing the
walking distance of the bearing to. be record~d ~d any uneven shifting pf the bearin[., _, '0 _-. _
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plate to be doted.
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The five LVDTs, used to measure the inplane horizontal displacements in the
test region of the specimen are shown photographed in Figure 3.37. Each of these five
LVDTs had a total stroke of 12 inches and a resolution of 0.005 inches. The LVDTs
were situated on the east face of the tube at 15 inch intervals along the height of the
test region of the specimen starting at the base of test region and ending at top of the
test region as shown in Figure 3.38. The LVDTs were held in place using small steel
angles which were clamped to the legs of the 5 million pound universal testing
machine, as shown in Figure 3.37.
The two LVDTs which measured the overall axial shortening and elongation
of the test region of the specimen, were connected to the specimen on the west and
east faces, respectively. Both LVDTs had a resolution of 0.009 inches and 4 inches of
stroke. The LVDTs were connected to coupling nuts which were tack welded to the
top edge of the end plates of the bottom loading beams. Another set of coupling nuts
were tack welded to the bottom edge of the end plates of the top loading beams. A
copper wire was attached to the plunger of each LVDT and was tied to the coupling
nuts located under the top loading beams. The copper wire was kept in tension using
rubber bands.
The Four LVDTs used to measure the slip between the bearing plate of the
loading beams and the specimen had a stroke of ± 0.5 inches and a resolution of
" .
0.0006 inches. One LVDT was placed on each side (North anQ South) qf the loading, .
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beam. Coupling nuts were tack welded on the edge of the loading beam end plate
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furthest from test region, and a small flat bar was tack welded onto the specimen 6
inches from the ends of the specimen on the east and west faces as shown in Figure
3.39. The LVDT was connected to the coupling nut while the plunger of the LVDT
was glued onto the flat metal bar.
The LVDT to measure the out of plane travel of the specimen had ± 2 inch
stroke and a resolution 0.0009 inches. The LVDT was clamped to the centerline of
the 5 million pound machine leg. Attached to the plunger of the LVDT was one end
of a copper wire while the other end of the wire was bolted to a coupling nut that was
tack welded to the centerline of the south face of the specimen at mid-height. The
wire was kept in tension using rubber bands.
The strains in the column were monitored by using a total of thirty 120 ohm
uni-axial strain gages spaced around the columns at different heights, twenty-eight of
the gages measured longitudinal strain ~md 2 measured horizontal strain. The output
signal of each gage was gained by a factor of 100 using Vishay conditioners, resulting
in a resolution of 24 microstrain and a range of ±48000 microstrain. The layout of the
strain gages on the specimen is shown in Figure 3.40. Three tiers of gages existed the
testing region of the specimen. The upper, middle, and lower tiers were located 45
inches, 30 inches, and 15 inches above the base of the test region. Each of the tiers
contained a vertical strain g~ge at 1.5 inches in from the comers of the cross-section of
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had one gage at 2" to the west of the seam weld on the north face.~t1 the west face,
respectively.
The axial movement of each actuator was measured using i:t 24 inch stroke
string-pot that had a resolution of 0.013 inches. Each string-pot was ~laInped onto the
end of the bottom loading beam next to the actuator. A cooper wire connected to the
string-pot was attached to the end of the top loading beam next to tPe actuator. A
string-pot, with a 10 inch stroke and a resolution of 0.005 inches, was vSed to measure
the head travel by bolting the string-pot to the floor and connecting it to the machine
head by a copper wire.
Load Cells were connected in series to measure the loads ~enerated by the
hydraulic actuator. The load cells had a range of ±150 kips and an acCuracy of 0.073
kips. The 5 million pound universal testing machine controller provided the load cell
for the axial load which had a capacity of 5000 kips and a resolutioA of 1.55 kips.
Twenty-four inch stroke Temposonics were used to measure the ltlOVement in the
hydraulic rams. The Temposonics had an accuracy of 0.006 inches.
,3.8 Test Procedure
3.8.1 Stub Column Test Program
Prior to testing a stub column specimen, its alignment w~ Checked again
using the longitudinal strain gages placed around the circumference '0f the specimen,
'an earlierccneCIf'"unfgnmeRfwas done during the setup '0'[ the test ~S descrIbed in .;. ••••••• -"t"
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measurements did not deviate by more than 10% from the average incremental strain
reading at the cross section at various load levels up to 40% of the predicted squash
load. Each stub column specimen was then loaded under pure compression at a load
rate of 50 kips per minute in accordance to the proc~dures of stub column testing
outlined by the Structural Stability Research Council [Galambos, 1994]. Upon
reaching peak axial load of the specimen, the test proceeded under displacement
control. The test was terminated after the specimen had axially shortened to at least 3
times the displacement corresponding to peak load. The data acquisition was
instructed to save the data on the computer disk when either the string-pot measuring
head travel reported an increment of 0.015 inches of head travel, when the load cell of
the universal testing machine reported an increment of 50 kips of applied compressive
axial load, or when the top west LVDT reported an increment of 0.015 inch of axial
shortening, since the data was last saved.
3.8.2 Beam-Column Test Program
Each beam-column specimen was loaded with an axial load at either 20% or
40% of the nominal axial squash load capacity of the column, stopping at various load
increments to check alignment of the specimen with respect to axial load using the
longitudinal strain gages placed around the circumference of the specimen. A
specimen was considered properly aligned if the strain measurements did not deviate
". ';:;k"~~<\:'itiq(h""'CS:S"~'>1i~,.","-by.more,_.th~.,,.lQ~odmm..the-:av.e~age· r~ading'!l.ofothe.0ro~&=seGt:iQn-.,".;,.l:h~,a~ial;,JGad!~w~'.L:I~.'~':'::, ' ........~~
~ applied at a rate of 50 kips per minute. Once the required· amount of axial load .was . ,
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applied the column was allowed to settle for 15 minutes. During this time the
hydraulic pump was turned on and the hydraulic service manifold was turned to high
pressure to allow for a constant hydraulic pressure in the hydraulic system. The axial
load remained constant for the remainder of the test while the bending moment on the
specimen was applied. The actuators were controlled in displacement increments of
0.02 inches per load step. If the difference in load between the actuators exceeded 3-5
kips, then a load correction were performed. This horiiontal movement of the
specimen and applied axial force was corrected by displacing the actuator having the
smaller load with an increment of 0.01 inches and maintaining the position of the
other actuator until the loads balanced. Testing was finished when either the actuator
ran out of stroke or when the flexural capacity of the specimen was equal to only
second order (P-o) bending moment. The pressure to the actuators would then be
shut off and then the axial load on the column would be removed to complete the test.
During the test, the data acquisition program was instructed to save the acquired data
on the computer disk when either a 10 kip interval of axial load occurred in the load
cell of the universal testing machine, when an increment of 0.025 inches of
displacement occurred in the string-pot located near the actuator producing
compressive loads, or when an increment of 2.5 kips occurred in the load cell on the
compression actuator since the data was last saved.. Manual s~ans of data were saved
"'l!J!<~~;CJil:'''';","~<2.'",:''''---''"'''dufitfg flextffaI'cbtte'Caon~c.,.."~,,:,.r-,~,.=--' __ .o·v_
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Nominal Nominal NominalSpecimen Description bIt ratio Fy PIPo(ksi)
SC-32-46 Stub Column 32 46 -NA-
SC-48-46 Stub Column 48 46 -NA-
SC-32-80 Stub Column 32 80 -NA-
SC-48-80 Stub Column 48 80 -NA-
BC-32-46-20 Beam Column 32 46 0.20
BC-32-46-40 Beam Column 32 46 0.40
BC-32-80-20 Beam Column 32 80 0.20
BC-32-80-40 Beam Column 32 80 0.40
BC-48-46-20 Beam Column 48 46 0.20
BC-48-46-22 Beam Column 48 46 0.22
BC-48-80-20 Beam Column 48 80 0.20
BC-48-80-40 Beam Column 48 80 0.40
Table 3.1- Test Matrix
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Measured Width Thickness Measured ActualSpecimen Description bit ratio b t Fy PlPo(in.) (in.) (ksi)
SC-32-46 Stub Column 35.29 12 0.34 37.2 -NA-
SC-48-46 Stub Column 52.17 12 0.23 68.5 -NA-
SC-32-80 Stub Column 34.29 12 0.35 81.1 -NA-
SC-48-80 Stub Column 50.00 12 0.24 95.5 -NA-
BC-32-46-20 Beam Column 35.29 12 0.34 37.2 0.21
BC-32-46-40 Beam Column 35.29 12 0.34 37.2 0.43
BC-32-80-20 Beam Column 34.29 12 0.35 81.1 0.20
BC-32-80-40 Beam Column 34.29 12 0.35 81.1 0.41
BC-48-46-20 Beam Column 52.17 12 0.23 68.5 0.18
BC-48-46-22 Beam Column 52.17 12 0.23 68.5 0.22
BC-48-80-20 Beam Column 50.00 12 0.24 95.5 0.19
BC-48-80-40 Beam Column 50.00 12 0.24 95.5 0.38
Table 3.2 - Specimen Measured Dimensions and Yield Strength Fy
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Measured Es Est Fy Fys FuSteel thickness YR Ey(ksi) (ksi) (ksi) (ksi) (ksi) (in/in) /-L(in.)
A500 Grade - B 0.34 23780 382 37.2 35.2 59.7 0.62 0.0013 146
A500 Grade - B 0.23 29615 .192 68.5 65.7 77.4 0.89 0.0024 66
A500 Grade - 80 0.35 28482 210 81.1 75.9 93.8 0.86 0.0028 46
A500 Grade - 80 0.24 28146 174 95.5 90.4 106.4 0.90 0.0033 38
Note: Es= Young's Modulus
Est = Modulus at the Onset of Strain Hardening
Fy= Yield at 0.2% Offset Strain
Fys - Static Yield Strain
Fu = Ultimate Strength
YR = Yield Ratio (Fy/Fu)
Ey=Yield Strain
/-L = Strain Ductility (Yield at Ultimate Strength to Yield Strain)
Table 3.3 - Material Properties From Steel Coupons
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Cored Height Diameter
f'e EeConcrete h D hID Cue
Number (in.) (in.) (ksi) (in/in) (ksi)
1 10.875 6 1.81 16.02 -NA- -NA-
2 10.828 6 1.80 15.54 0.00273 5690.2
3 11.125 6 1.85 15.44 0.00264 5877.5
4 10.625 6 1.77 16.27 0.00260 6243.3
5 10.375 6 1.73 16.94 -NA- -NA-
Note: h =height of Concrete Cylinder
D =Diameter of Concrete Cylinder
hID = height-to-Diameter Ratio
f' e =Corrected Compressive Strength of Concrete Cylinder
Cue =Crushing Strain of Concrete Cylinder
Ee =Modulus of Elasticity of Concrete Cylinder
Table 3.4 - Dimensions and Material Properties of Cored Cylinders
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Figure 3.1- Floor Plan for U.S./Japan Open CFT Moment
Resisting Frame Structure
72
,- 126' - 0"
6 @ 21' - 0"
-,
Figure 3.2-E1evation ofPerimeter MRF of 12 Story
Prototype Building
0.006 0.012 0.018
WF CFT
Floor Columns Beams Columns Beams
12 W14x68 Wl6x36 14x14xl12 Wl6x31
11 W14x68 W21x44 14x14xl/2 Wl8x40
10 W14xl32 W21x44 14x14xl/2 Wl8x40
9 W14xl32 W24x55 14x14xl/2 W21x50
8 W14x145 W24x55 14x14xl12 W21x50
7 W14xl45 W24x55 14x14x112 W24x62
6 W14x145 W24x55 14x14x5l8 W24x62
5 W14x145 W24x55 14x14x5l8 W24x62
4 W14x145 W24x62 14x14x5l8 W24x68
3 W14xl45 W24x62 14x14x5l8 W24x68
2 W14x159 W24x62 14x14x5l8 W24x68
1 W14x159 W24x62 14x14x5l8 W24x68
NEHRP
0,006 0,012 0.018
Factored Interstory Drift
I
I
Drift limit /11
0.015 h ------.
FT Colum
4
2
8
12 i J < I I I
10
C5
C>
LL 6
-..l
-!'>-
Figure 3.3 - Prototype Perimeter Moment Resisting Frame
, For CFT and WF Colmnn System, 12 Story
~ .....,L~;'l:r:i:l'»""~_~~>~";:'::',::,c
'~"'-" -"'~.,..;-,'~ ~:>:'":'::''i~:''::'>:~,~a----'';';''' ~- -,.~.~<-_ .....- ·.'~~·~~':Y\":lll':..- .:.,. ,,-..:;,,~.v..,_
',';i·-" :.'"_"':1 '1;:'QT':;:.~_, ..~:<::t_~_~-.
CD _
Figure 3.4 - Fabrication of Steel Tube by the
Form-Square Weld-Square ERW Process
75
!
A
2"~ O.D.,,-,_-,
typ
o
o
o
33.5"
.156"
33.5"
South
West
!
!
~orfu
~~!:E~ Weld
Seam
East
Section A-A
Figure 3.5 - Location of Holes on East and West Faces ofBeam Column
BC Specimen To Accommodate Flexural Loading Apparatus'
76
Figure 3.6 ...:.Beam Column Specimens Braced to Scaffolding Before Pouring of.
Concrete· .
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Figure 3.7 -Stub Column Specimens Before Pouring of Concrete
/
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Figure 3.8 - Placing.o£Concrete in Steel Tubes ofBeain Column Specimens
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J Figure :?.9·,:,~1.l:lcing of Concrete in S~eel Tube~.o~~tuhGQ!ill!Ml~pecimens.
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Figure 3.10 - Top of Specimen After Concrete Placement
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Figure 3.11 - Specimens Stored in Fritz Laboratory
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Figure 3.12 - Coupon Locations on the Tube Cross-Section
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Figure 3.23 - Photograph ofBeam Column test Setup
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Figure 3.25 - Photograph ofBottom Cylinder Bearing ofBeam Column Test Setup
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Figure 3.26 - Photograph ofW27 x 94 Loading Beam and Actuator Clevis For Beam
Column Test Setup
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CHAPTER 4
EXPE~ENTALBEHAVIOR
4.1 General
In Chapter 4 the observed behavior of the stub column and beam column
specimens during testing is described. The discussion is presented in conjunction
with the load-displacement response, where the occurrence of significant events such
as yielding in the steel tube, concrete crushing, local buckling of the steel tube,
maximum applied load, and deformation at the end of test is indicated. For the stub
column specimens the axial load-head travel (P-~) response curve was used, whereas
for the beam column specimens the midspan moment-average end rotation (M-e)
response was used. Following the completion of the beam column tests, the steel tube
was removed around the concrete where the tube had locally buckled in order to
provide insight as to how the enclosed concrete behaved in these specimens.
4.2 Stub Column Tests
4.2.1 Specimen SC-32-46
Specimen SC-32-46 had a nominal bit ratio of 32, and was constructed from
ASTM A500 Grade-B steel. A photograph of the specimen before application of
axial load is shown in Figure 4.1. The seam weld was on the north face of the steel
tube when the specimen was placed in the test machine. Figure 4.2 shows the axial
. load-head travel (P-~) response of the specimen.
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The axial load was applied to the specimen at a load rate of 50 kips per minute
until ultimate load of the specimen. The test then proceeded under displacement
control. To verify the alignment of the column with respect to the axial load, the
application of axial load was stopped in the elastic range at 300 kips, corresponding to
(0.12 Pu), and again at 600 kips (0.23 Pu), where Pu is the maximum load achieved in
the specimen. The axial strain readings were acquired from strain gages around the
circumference of the tube. The maximum deviation from the increment in
longitudinal strain corresponding to 0.12 Pu and 0.23 Pu was 6.5% from the average
increase in axial strain in the cross-section of 200 microstrain. The smallest
increment of strain was at the northeastern corner of the tube, while the largest
increment occurred at the southwestern corner.
During loading of the specimen the column had an initial axial stiffness Ko of
approximately 26,000 kip/in., which was based on the average displacement measured
using the LVDTs on each side of the specimen. At an axial load of 1735 kips,
corresponding to 0.68 Pu, the comer strain gages around the circumference of the tube
recorded an average longitudinal strain that was equivalent to the uniaxial yield strain
of the steel, Ey• The specimen did not uudergo any visible changes and maintained its
initial stiffness until it reached the maximum axial load Pu of 2557 kips, where
crushing of the concrete was audible. The LVDTs at the specimen mid-height
reported an axial strain in the concrete of2697 microstrains, which is approximately
the ultimate strain of the cored concrete cylinder Eue when the concrete crushing was
heard. At peak load, a slight local buckle was observed approximately 7 inches above
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mid-height on the north face of the tube as shown in Figure 4.3. The average
compression strain in the steel tube recorded from the comer strain gages just before
local buckling occurred was 2060 microstrains. Immediately, after maximum load
was achieved the specimen began to shed load as the local buckling became more
pronounced. At an axial load of 2425 kips (0.95 Pu) the tube began to develop
extensive local buckling on all four faces and more concrete crushed, causing a more
rapid deterioration in specimen capacity. The compression strain near the comers of
the steel tube just prior to extensive local buckling was 2640 microstrains, which
corresponds to 2.2Ey• The capacity deteriorated, before it stabilized at an axial
compressive load of approximately 1410 kips (0.55 Pu) as it was further axially
displaced. The local buckling became more pronounced as the specimen axially
shortened. The experiment was terminated after a head travel of 0.96 inches was
real;:hed, which corresponded to approximately 5.5 times the displacement at peak
load.
Figure 4.4 shows the locally buckled column near mid-height after the test had
concluded. At the completion of the experiment the local buckle on the north face
had a half wavelength of 9.5 inches. The local buckle that formed on the west face
had a half wavelength of 8 inches and was located at 7.5 inches above mid-height.
Figure 4.5 shows a close up of the locally buckled region on the north and west faces
of Specimen SC-32-42-46. On the south face two local buckles had formed. The
location of the top local buckle was 11.75 inches above mid-height of thecolumn and'
had a half wavelength of 6.5 inches, while the bottom local buckle formed at 4.5
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inches below mid-height of the column and had a half wavelength of 7 inches. On the
east face, the local buckle had a half wavelength of 3.75 inches, and formed 7.25
inches above mid-height of the specimen.
The peak axial load Puof 2557 kips corresponded to 0.97 Po, where Po is the
theoretical squash load based on the measured steel uniaxial yield stress Fy and
concrete cylinder compressive strength f' c. This amount of load implies that the full
squash load was achieved.
4.2.2 Specimen SC-48-46
The steel tube of Specimen SC-48-46 had a nominal bit ratio of 48 and was
constructed from ASTM A500 Grade-B steel. The specimen was positioned in the
test machine with the weld seam on the south face of the column. A photograph of
the specimen before testing is shown in Figure 4.6. The axial load-head travel (P-~)
response is shown in Figure 4.7.
The axial load of the specimen was applied at a load rate of 50 kips per minute
until maximum load was attained and then the experiment was controlled by
displacement. Specimen SC-48-46 was initially tested using copper sheeting instead
of hydrostone on both ends of the column. The copper was found to be an insufficient
method to distribute the load throughout the height of the specimen, as determined
from the strain gage readings. These checks were done in the elastic region of the
column at 200 kips (0.07 Pu), 400 kips (0.15 Pu), and 500 kips (0.19 Pu). Mter it was
determined that the load at 500 kips was not aligned with respect to the column the
axial load was removed offthe specimen.
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The copper sheeting were replaced with Hydrostone, and after curing the
testing of the specimen proceeded again. The specimen was axially loaded at 50 kips
per minute. The loading of the specimen was paused at 250 kips (0.10 Pu), 500 kips
(0.19 Pu), and 750 kips (0.29 Pu) to check for alignment. The column was found to be
sufficiently aligned, where the increment of longitudinal strain corresponding to 500
kips and 750 kips in the steel tube had a maximum deviation of 9.6% from the
average incremental strain of 134 microstrains. The lowest strain existed at the
northwestern comer of the specimen, and the higher strain developed near the
southwestern comer.
The initial axial stiffness Ko of the column while in the elastic region, based
on the LVDTs on each face of the steel tube, was approximately 31,400 kips/in. The
column maintained its initial stiffness until the maximum load capacity Pu =2597 kips
was reached corresponding to a head travel of 0.2 inches. At this displacement, a
local buckle initiated in the steel tube on all four sides and the column began to lose
capacity. When the buckle was initiated, the average longitudinal comer strain in the
tube was 1870 microstrains, corresponding to 0.84Ey• Specimen SC-48-46 maintained
the peak load until a head travel of 0.23 inches was achieved, where the steel
developed more extensive local buckling and the concrete crushed at an axial load of
2562 kips (0.99 Pu). The average axial strain in the concrete acquired from the
LVDTs just before the concrete crushing was 2470. microstrains, which is
approximately equivalent to' the ultimate compressive strain of the cored concrete
cylinders, Eue• The load 'carrying capacity of the specimen drastically dropped to a
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load level of 1120 kips (0.43 Pu). During this loss in capacity the compressive strains
in the steel comers increased from 1988 microstrains (0.89 Ey) to 8265 microstrains
(3.72 Ey) as the local buckles on the four faces became more pronounced. The north
and south faces each contained one local buckle, while the east and the west faces
each contained two local buckles. Specimen SC-48-46 continued to maintain a post
buckling load of 1120 kips (0.43 Pu) till the end of the test. The test was terminated
after a head travel of 1.175 inches was achieved, which corresponded to about 5 times
the displacement at peak axial load.
Figure 4.8 shows the local buckles that formed on the south and the east faces.
The local buckle on the south face formed at 11.5 inches above mid-height with a half
wavelength of 5 inches. The two local buckles that formed on the east face occurred
at the mid-height and 8.5 inches above mid-height, with respective half wavelengths
of 3.5 inches and 5.5 inches. On the north face the buckle had a half wavelength of
5.75 inches and formed 4.25 inches below mid-height of the specimen. On the west
face, the top local buckle occurred at 15 inches above mid-height and had a half
wavelength of 7 inches, while the bottom local buckle formed diagonally with a 6.25
inch wavelength. This lower local buckle started at mid height and progressed
downward across the west face in the south direction to 5.5 inches above mid-height.
The peak axial load Pu that developed in Specimen SC-48-46 corresponded to
0.90 Po. This amount of load implies that the full yield capacity of the steel tube was
not developed prior to failure.
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4.2.3 Specimen SC·32·80
The steel tube of Specimen SC-32-80 had'nominal bit ratio of 32 and was
fabricated from ASTM A500 Grade-80. A photograph of the specimen before testing
is shown in Figure 4.9. The weld seam of the steel tube was located on the eastern
side of the specimen when it was placed in the machine. Figure 4.10 shows the axial
load-head travel (P-i\) response during testing.
The axial load was applied to the specimen at a load rate of 50 kips per
minute. The readings of the strain gages on the steel tube were used to check axial
load alignment with respect to the column while in the elastic region at intervals of
axial load of 300 kips (0.09 Pu), up to a load of 1200 kips (0.38 Pu). At 0.38 Pu, the
northwestern comer of the tube had the maximum strain, while the minimum strain
developed at the southeastern comer of the tube. Between an axial load of 900 kips
(0.3 Pu) and 1200 kips (0.38 Pu), the maximum deviation in the incremental strain was
6.7% from the average increment of strain in the cross-section of 221 microstrain.
These strain readings verified that the load was applied concentrically to the
specimen, and that an initial stress distribution remained constant during loading.
The measured initial stiffness Ko based on readings from the LVDTs on all
four sides of the column was approximately 27,300 kips/in., and remained constant
until the maximum load was achieved. Prior to reaching peak load, initial crushing of
concrete was heard at an axial load of 2868 kips (0.90 Pu). At this level ofload the
average axial strain in the concrete was 2532 microstrains based on readings from the
LVDTs located at mid-height of the specimen. This 'strain'is approximately"
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equivalent to the ultimate crushing strain of the cored concrete cylinders, Eue • At the
maximum load of Pu = 3169 kips the corner strain gages around the steel tube
recorded an average longitudinal strain of 2545 microstrain's, which is approximately
equivalent to the uniaxial yield strain Ey of the steel, Immediately after peak load was
achieved the capacity of the specimen began to deteriorate. At 2917 kips (0.92 Pu),
pronounced local buckling and crushing of the concrete occurred, where the
approximate axial strain in the concrete was 3500 microstrain, corresponding to 1.34
Eue, derived from the LVDTs around the specimen, and the average compressive strain
in the corners of the steel tube was 3383 microstrain (1.34 Ey). Local buckling
occurred 3.5 inches above mid-height on the east face, 13 inches above mid-height on
the west face and 7.75 inches above mid-height on the south face. The local buckling
and concrete crushing resulted in a rapid deterioration in specimen capacity to an
axial compressive load of approximately 2250 kips (0.71 Pu). The specimen was able
to maintain this level of axial load of 2250 (0.71 Pu) as the column was displaced
further. With continued imposed axial shortening a fourth local buckle formed 5.75
inches above mid-height on the north face of the tube. The experiment was
terminated when a head travel of 1.05 inches was achieved, corresponded to
approximately 5 times the displacement at peak load.
A photograph of Specimen SC-32-80 after testing was concluded is given in
Figure 4.11, where the measured half wavelength of the local buckle on the east face
., :-v-J,.!('''<.7.'~,';:_.-.::~'r.",:_-;.:·~t.:~_.... v::"-,",""" • _ ',_,_. '. .
was 6.75 inches, while the local buckle on the west face it was 5.75 inches. On the
<i
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north face the measured half. wavelength of the local buckle was 7.25 inches, and on
the south face it was approximately 6.5 inch.
The peak axial load Pu of 3281 kips achieved by specimen SC-32-80 was
equivalent to 0.95 Po, implying that the squash load capacity of the specimen was
nearly achieved.
4.2.4 Specimen SC·48·80
The steel tube of Specimen SC-48-80 had a nominal bit ratio of 48 and was
fabricated from ASTM A500 Grade 80 steel. Figure 4.12 shows a photograph of the
specimen before the application of axial load. The specimen was positioned in the
machine where the face containing the weld seam was on the north side of the
specimen. The axial load-head travel (P-~) response for specimen SC-48-80 is shown
Figure 4.13.
The axial load was applied to the specimen at a load rate of 50 kips per
minute. The readings of the longitudinal strain gages on the steel tube where used to
verify the alignment of the axial load of the specimen in the elastic range at 200 kips
(0.07 Pu) intervals up to a load of 600 kips (0.22 Pu). The increment in longitudinal
strain between 400 kips (0.14 Pu) and 600 kips (0.22 Pu) around the cross-section of
the column had a maximum deviation of 5% from the average strain increment of 147
microstrains. The lower strain was recorded on north face while the higher strain
developed on the west face.
The initial axial stiffness of the specimen Ko, based on the LVDTs on all four
faces of the steel tube, was 24,700 kips/in. The axial stiffness was maintained until
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the peak load of Pu =2763 kips was applied to the specimen. Prior to reaching the
peak load initial crushing of the concrete was audible at an axial load of 0.91 Pu (2529
kips), where the average axial strain in the concrete was 2506 microstrains based on
the LVDTs located around mid-height of the specimen. This strain is comparable to
the ultimate compressive strain of the cored concrete cylinders, Cue' The stiffness then
decreased as the ultimate load carrying capacity Pu was reached. The specimen then
began to shed load to 2604 kips (0.94 Pu), where the steel tube locally buckled on all
four sides and the concrete crushed. The average longitudinal comer strain in the
steel tube was equal to 2556 microstrain corresponding to 83.4% of the steel uniaxial
yield strain Cy, while the axial strain in the concrete derived from the mid-height
LVDTs was approximately 3840 microstrains (1.47 cue). As mentioned in Chapter 3
the LVDT took measurements over a 12 inch gage length, thus explaining the
variation in these two strain reading~. The load carrying capacity subsequently
dropped rapidly to 1492 kips, which corresponded to 0.54 Pu• The local buckle on the
north face was located at 7.25 inches below mid-height. On the east face the local
buckle was located 10.5 inches below mid-height, while on the west face the local
buckle formed 4.25 inches below mid-height. Local buckling occurred approximately
9.75 inches below mid-height on the south face.
While being displaced further, the north face of the tube developed a vertical
tear in the weld seam which initiated at the local buckle, 7.25 inches below the mid-
height of the specimen, at a load of 1555 kips (0.56 ·pu) •. This led to a further
reduction in load carrying capacity of the specimen, where the capacity eventually
\
stabilized at 1400 kips (0.53 Pu). Figures 4.14 and 4.15 show the photograph of the
tear. Upon imposing further axial deformation to the specimen the tear grew
vertically along the seam. When reaching the base of the specimen, the tube split
open causing the load to drastically drop from 1279 kips (0.46 Pu) to 926 kips (0.33
Pu). The specimen then gradually shed more load as it was further axially deformed.
The test was terminated when the head travel displaced 1.15 inches, which
corresponded to about six times the head travel displacement at peak load. When the
test was terminated the column had a load carrying capacity of 719 kips (0.26 Pu).
After the test was concluded the local buckling in the steel tube, shown in
Figure 4.16, was measured. On the north face the local buckle had a half wavelength
of 9.5 inches. On the east and west faces the local buckles had a 6.25 inch half
wavelength and a 5.75 inch half wavelength, respectively. On the south face, the
local buckle face had a half wavelength of 5.25 inches.
The peak axial load Pu of 2763 kips achieved by Specimen SC-48-80 was
equivalent to 0.86 Po, implying that the squash capacity of the specimen was not
achieved.
4.3 Beam Column Tests
4.3.1 Specimen BC-32-46-20
The steel tube of Specimen BC-32-46-20, a beam column test specimen, had a
nominal bit ratio of 32 and was fabricated from ASTM Grade-B steel. A" constant
. .
axial load of 565 kips'(0.20 Pn) was applied to the specimen prior to the application of
the flexural load, where Pn is the predicted squash load capacity of the specimen using
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the nominal properties of the materials. A photograph of the specimen after the
application of axial load is shown in Figure 4.17. The midspan moment-average end
rotation (M-S) response of the specimen is presented in Figure 4.18. The midspan
moment in Figure 4.18 includes the second order moment. The east and west faces of
the specimen corresponded to the tension and compression flanges of the column with
respect to flexural loading.
The axial load was applied to the specimen at a load rate of 50 kips per minute
up to 0.20 Pn' The axial loading of the specimen was paused at 200 kips intervals to
check for concentric loading of the specimen. A maximum deviation in axial strain in
the cross-section measured from the strain gages on the steel tube was 7.8% from the
average axial strain of 533 microstrain, therefore the column was sufficiently aligned
with respect to the axial load.
The flexural load was applied to the specimen after it settled under the axial
load. The member initial rotational stiffness Ko remained constant at an approximate
value of 598,620 kip-in until both the steel and concrete on the east face (tension
flange) went into tension at a midspan moment of M = 1765 kip-in, which
corresponded to 0.33 Mu where Mu is the maximum midspan moment developed in
the specimen. At this level of midspan moment the specimen began to slightly
deviate from its initial elastic stiffness. Upon further loading to a midspan moment of
M = 2020 kip-in (0.38 Mu), the mid-height comer strain gages on west face
(compression flange) of the steel tube indicated that the steel tube longitudinal strain
£5 had reached the compressive uniaxial yield strain' £y. The specimen stiffness
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continued to soften. At a midspan moment of M =3716 kip-in (0.69 Mu) the mid-
height comer strain gages on the east face (tension flange) of the steel tube indicated
that the steel tube longitudinal tensile strain ts had reached the uniaxial yield tensile
strain ty. Crushing of the concrete was heard in the specimen near midspan of the
west face (compression flange) at a midspan moment of M =4470 kip-in (0.83 Mu).
The compressive strain of the extreme concrete compression fibers was 2880
microstrains when the concrete was heard crushing, based on interpolation of the mid-
height comer strain gage data on the east face and west faces. This level of strain is
approximately equal to the crushing strain of the concrete cylinders, (i.e., tc~tcu).
Extensive local buckling became visible at approximately 1.25 inches below mid-
height of the west face (compression flange) of the column and more concrete
crushing was audible at the location of the local buckle when the ultimate flexural
capacity, Mu, was achieved at 5367 kip-in. The average end rotation eu
corresponding to ultimate flexural capacity was 0.020 rads.
Mter the column locally buckled, it began to slowly shed its flexural load
carrying capacity. With additional rotation the local buckle became more pronounced
The test was terminated when the specimen achieved 0.9 Mu after ultimate flexural
capacity. The average end rotation when the test was terminated was equal to 0.050
rads. The local buckle on the west face (compression flange) had a half wavelength
of 7.5 inches at the end of the experiment. A photograph of the local buckle on the
west face of the specimen after testing IS shown .in Figure 4; 19; At the end of the test
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Specimen BC-32-46-20 had exhibited a 10% total loss of flexural capacity, while
achieving an inelastic average end rotation of 0.041 rads.
4.3.2 Specimen BC-32-80-20
The steel tube of Specimen BC-32-80-20, a beam column test specimen, had a
nominal bit ratio of 32 and was fabricated from ASTM A500 Grade-80 steel. The
specimen was subjected to a constant axial load of 685 kips (0.2 Pn) during flexural
loading. A photograph of specimen BC-32-80-20 after the application of the axial
load is shown in Figure 4.20. The midspan moment-average end rotation (M-e)
response of the specimen is presented in Figure 4.21. The midspan moment in Figure
4.21 includes the second order moment. The east and west faces of the specimen
corresponded to the tension and compression flanges of the column with respect to
flexural loading.
The axial load of the column was applied to the specimen at a rate of 50 kips
per minute. Axial load application was stopped at 300 kips (0.09 Pn) and 685 kips to
check the alignment of the column with respect to the axial load. The column was
found to be sufficiently aligned, where the maximum deviation in the axial strain in
the steel tube was 8.8% from the average axial strain of 545 microstrain.
After the axial load was applied and the specimen had settled the flexural load
was applied. The M-e plot remained linear elastic with an initial member rotational
stiffness of Ko = 773,441 kip-in. until both the steel andthe concrete had gone into
tension on the east face (tension flange) at amidpan moment of M =1764 kip-in,
corresponding to 0.21 Mu•
125
At a midspan moment of M =5257 kip-in. (0.65 Mu), the midspan corner
strain gages on the west face (compression flange) of the steel tube developed a strain
ts that was equal to the uniaxial compressive yield strain ty. With further flexural
loading to a midspan moment of M =5657 kip-in. (0.70 Mu) the strain in the extreme
concrete compressive fibers tc was approximately equal to the cored concrete cylinder
crushing strain tcu, based on interpolation of data obtained from the corner rpidspan
gages on the east and west faces of the specimen. Crushing of the concrete was not
audible at this load level. At a midspan moment of M =6226 kip-in. (0.75 Mu), the
corner strain gages on the east face (tension flange) of the steel tube at mid-height
developed a strain ts that was equal to the uniaxial tensile yield strain ty. An
increased loss of stiffness had become apparent after each of these events occurred, as
shown in the M-8 response.
Initial concrete crushing was audible at mid-height on the west face
(compression flange) a midspan moment of M =7240 kip-in (0.88 Mu). Interpolation
of the data from the midspan corner gages on the east and west faces of the tube
indicated the extreme concrete compressive fiber was at 3550 microstrains,
approximately 137% of the cored concrete cylinder crushing strain tcu. The stiffness
of the column began to substantially deviate from the initial stiffness after the
concrete crushed. The initiation of a small buckle on the west face (compression
face) was observed at 2.5 inches below mid-height of the specimen, as shown in
Figure 4.22, at a midspan mom~nt of 1\1 = 8049 kjpJi-in (0.98 Mu). After reaching the
maximum midspan moment Mu of 8246 kip-in, corresponding to an average end
126
rotation au of 0.030 rads, the column was able to maintain its maximum capacity to an
average end rotation of a = 0.039 (1.3 au) before it began to shed load. With
continued rotation, the local buckle attenuated around the comers of the cross-section
onto the north and south faces (i.e., webs of the column) as shown in Figure 4.23. A
close up of the buckle on the north face is shown in Figure 4.24. The flexural
capacity degraded before stabilizing at a midspan moment of M = 7000 kip-in,
corresponding to 0.85 Mu, at an average end rotation of a=0.0673 rads (2.27 8u) as
shown in Figure 4.21. At a average end rotation of a = 0.108 rads (3.61 au),
corresponding to a midspan moment of M =6730 kip-in (0.81 Mu), the test was
terminated because the actuators that applied the first order flexural loading had run
out of stroke. At the end of the test the specimen had exhibited a 20% total loss of
flexural capacity while achieving an inelastic average end rotation of 0.102 rads~
At the end of the test, the local buckle in the steel tube had a half wavelength of
6.5 inches and was located 2.5 inches below the mid-height on the west face
(compression flange) of the specimen. On the north face the buckle extended 9 inches
to the east and had a half wavelength of 6.25 inches, while on the south face the
buckle extended 8.5 inches to the east and had a half wavelength of 6.5 inches. It was
noted while taking these measurements that necking had occurred at the comers of the
east face (tension flange) at approximately 5 inches below mid-height of the
\:~cimen. Also, a small 2 i~~h .~orizontal tear was found at the northeas~ comer, in
the center of the necked region, shown in Figure 4.25.
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4.3.3 Specimen BC-32-80-40
The steel tube of Specimen BC-32-80-40, a beam column test specimen, had a
nominal bit ratio of 32 and was fabricated from ASTM A500 Grade-80 steel. The
column was subjected to a constant axial load of 1368 kips (0040 Po) during flexural
loading. A photograph of Specimen BC-32-80-40 before the flexural load was
applied is shown in Figure 4.26. The midspan moment-average end rotation (M-e)
response of the specimen is presented in Figure 4.27. The midspan moment in Figure
4.27 includes the second order moment. The east and west faces of the specimen
corresponded to the tension and compression flanges of the column with respect to
flexural loading.
The axial load was applied to the specimen at a rate of 50 kips per minute.
The application of axial load of the specimen was stopped at 480 kips (0.14 Po), 980
kips (0.29 Po), and 1370 kips (0040 Po) to check the alignment of the axial load. At
1370 kips the maximum deviation in the axial strain in the cross-section measured
from the strain gages on the steel tube was 8.9% from the average axial strain of 1111
microstrain, concluding that the column was sufficiently aligned with respect to the
axial load.
The flexural load was applied to the specimen after it settled under the applied
axial load. The specimen displayed an initial rotational stiffness of Ko = 633,000 kip-
in while being subjected to flexural load. At a midspan ,moment of M =3739 kip-in
(0.52 Mu), both the steel and concrete on the east side (tensio"'n flange) ofthe specimen
began to go into tension. The specimen however displayed no deviation from the
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initial stiffness. At a midspan moment of M =4230 kip-in (0.59 Mu), the mid-height
comer strain gages on the west face (compression flange) of the steel tube indicated
that the compressive strain in the steel tube Es had reached the uniaxial yield strain Ey•
The rotational stiffness of the column still did not deviate from. its initial stiffness,
remaining linear after this event. At a midspan moment of M =4597 kip-in (0.65 Mu)
interpolation of the data from the midspan comer strain gages on the east and west
faces of the steel tube indicated the extreme concrete compressive fiber Ee was
approximately equal to the cored concrete crushing strain Eu• The rotational stiffness
then began to decrease with increasing flexural load. At a midpsan moment of 5964
kip-in (0.84 Mu), concrete crushing was heard at mid-height of the west face
(compression flange). The estimated strain in the extreme concrete compressive
fibers Ee, interpolated from the midspan comer gages on the east and west face was
4023 microstrain, corresponding to 1.54 Eeu .
The specimen maximum flexural capacity Mu of 7125 kip-in was achieved at
an average end rotation of 8u =0.019 rads. The column was able to maintain its
capacity for an additional rotation of 7% of 8u until the load was quickly shed. At the
maximum midspan moment the longitudinal comer strains Es at midspan of the west
face (compression flange) of the steel tube were equal to the uniaxial yield strain Ey•
The steel yielding in compression was followed by a local buckle that was observed at
9.5 inches above the mid-height of the west face (compression face). This resulted in
the moment at midspan to reduce toM =6056 kip-in (0.85 Mu), at a corresponding
, , .". ., .. , . . ",
average end rotation of 8 = 0.023 rads (1.2 8u). With continued rotation the buckle
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attenuated around the comers of the cross-section onto the north and south faces of
the specimen, as shown in Figure 4.28, as the flexural capacity continuously
decreased. At an average end rotation of 8 =0.0404 rads (2.15 8u), corresponding to a
midspan moment of M =4324 kip-in (0.61 Mu), the actuators were unable to apply
any more first order moment to the specimen, as they had completely unloaded. Thus
the midspan moment M was entirely due to the P-o effect. Tbe test was therefore
terminated.
At the end of the experiment the local buckle at 9.5 inches below mid-height
on the west face (compression face) of the steel tube had a half wavelength of 7.25
inches and is shown in Figure 4.29. On the north face the buckle extended a length of
10 inches to the east and had a half wavelength of 6.5 inches. On the south face the
buckle had a half wavelength of 5.5 inches and spanned a length of 10.75 inches to
the east. The specimen had exhibited a 60% total loss of flexural capacity while
achieving an inelastic average end rotation of 0.034 rads.
4.3.4 Specimen BC·32·46·40
The steel tube of Specimen BC-32-46-40, a beam column specimen, had a
nominal bit to ratio of 32 and was constructed from ASTM A500 Grade-B steel. The
column was subjected to a constant axial load of 1130 kip-in (0.4 Pn). A photograph
of the specimen after the axial load had been applied is shown in Figure 4.30. The
midspan moment-average end rotation response (M-8) of the specimen is illustrated in
Figure 4.31. The midspan mo~ent in Figure 4.31 includes the second order moment.
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The east and west faces of the specimen corresponded to the tension and compression
flanges of the column with respect to flexural loading.
The axial load was applied to the specimen at a rate of 50 kips per minute.
The axial load was stopped at 500 kip intervals to check for alignment of the axial
load. A maximum deviation of axial strain in the cross-section, as measured from the
strain gages around the steel tube was 20% from the average axial strain of 792
microstrain when the axial load was at 1120 kips (004 Pn). The specimen was found to
be insufficiently aligned with respect to the axial load, where high strains were found
to exist on the west face of the steel tube. The cylindrical bearings at the ends of the
specimen were adjusted by shifting them to the west to correct for the eccentricity.
The specimen was axially loaded again at the same rate and.checked for alignment.
At an axial load of 1120 kips (004 Pn), the maximum deviation from the average axial
strain of 881 microstrain in the cross-seCtion was 6.5%, therefore the axial load on the
specimen was properly aligned.
The flexural load was applied to the specimen after it settled under the axial
load. The member rotational stiffness Ko remained linear elastic at aJ?proximately
64,0000 kip-in until at a midspan moment of M =709 kip-in (0.15 Mu), when the
midspan corner strain gages on the west face (compression flange) indicated a
compressive strain Es in the steel equivalent to the uniaxial yield strain, Ey• The
specimen then began to deviate ~rom its original rotational ~tiffness. Upon further
~, • '. ~<,. .. ~ •
loading to a midspan moment of M = 2550 kip-in (0.54 Mu) both the steel and
concrete on the east face (tension flange) began to go into tension at mid-height of the
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speCimen. At a midspan moment of M =4046 kip-in (0.86 Mu), the M-S plot shows
the rotational stiffness of the specimen becoming softer with more flexural load,
where the cored concrete cylinder compressive crushing strain tcu was attained on the
east face (compression flange) based on interpolation of the midspan corner strain
gage data from the east and west faces of the steel tube. Concrete could then be heard
crushing in the column at midspan before the ultimate flexural capacity of the column
was attained at a midspan moment of M =4400 kip-in (0.94 Mu). The estimated
strain tc in the outermost compressive concrete fiber was 3015 microstain,
corresponding to 1.15 tcu, based on interpolation of the midspan corner gages on the
east and west faces of the steel tube. The specimen attained its ultimate flexural
capacity of Mu= 4705 kip-in at an average end rotation of Su = 0.012 rads., where the
midspan comer strain gages on the east face (tension flange) reported a strain on the
steel tube equivalent to the uniaxial yield strain Cy. The capacity of the specimen then
degraded to a midspan moment of M =4315 kip (0.92 Mu) at an average end rotation
of S=0.019 rads, corresponding to 1.6 Su, before the flexural capacity began to shed
load at a quicker rate. A local buckle was observed at 4 inches below mid-height on
the west face (compression flange) at an average end rotation of S = 0.023 rads (2.02
Su) and a corresponding midspan moment of M =3712 kip-in (0.78 Mu). The test was
terminated when the actuators that applied the flexural load had completely unloaded,
whereby the"specimen midspan moment was"composed entirely of the p-"O'cmoment
due to the applied axial load and midspan deflection. The specimen was able to
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maintain 64% of its flexural capacity Mu while achieving an inelastic average end
rotation of 0.023 at the end of the test.
After the test was completed it was noted that the local buckle on the west face
(compression face) had developed a half wavelength of 8 inches due to the continued
rotation of the column. Figure 4.32 shows a photograph of the local buckle after
testing had concluded. The local buckle did not attenuate onto the north and south
face of the steel tube as it had on the previous tests.
4.3.5 Specimen BC-48-80-20
The steel tube of Specimen BC-48-80-20, a beam column specimen, had a
nominal bit ratio of 48 and was fabricated from ASTM A500 Grade-80 steel. The
specimen was subjected to a constant axial load of 610 kips (0.20 Pn) during flexural
loading. A photograph of specimen BC-48'-80-20 before the flexural load was applied
is shown in Figure 4.33. The midspan moment-average end rotation (M-e) response
of the specimen is presented in Figure 4.34. The midspan moment in Figure 4.34
includes the second order moment. The east and west faces of the specimen
corresponded to the tension and compression flanges of the column with respect to
flexural loading.
The axial load was applied to the specimen at a rate of 50 kips per minute.
The axial load of the specimen was stopped at 307 kips (0.10 Pn) and 615 kips to
,
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found to be sufficiently aligned, where the ~~~:um';:~i~tlo~in'the axrIlrst;iir{1h~·t~~?~:7:'2??}C~~j(~~
check the alignment of the specimen with respect to the axial load. The specimen was
. - ~.. , " ..
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the steel tube was 9.8% from the average axial strain of 561 microstrain when an axial
load of 615 kips was applied.
The flexural load was applied to the specimen after it settled under the applied
axial load. The specimen displayed an initial member rotational stiffness of Ko =
711,000 kip-in. There were no visible changes in the specimen, where the M-S plot
remained liner elastic, until shortly after both the steel and the concrete had both gone
into tension on the east face (tension flange) at a midspan moment of M =1719 kip-in
(0.28 Mu).
At a midspan moment of M = 6111 kip-in (0.83 Mu), interpolation of the
midspan comer strain gages on the east face and west faces of the steel tube indicated
that the compryssive strain Cc in the extreme concrete compressive fiber was
approximately equal to the cored concrete crushing strain Ccu. After further flexural
loading to a midspan moment ofM =5521 kip-in (0.89 Mu), the midspan corner strain
gages on the east face (tension face) of the specimen indicated that the steel tube had
developed the uniaxial compressive yielding strain Cy. The west face (compression
flange) of the steel tube developed a strain Cs equivalent to the uniaxial tensile strain
Cy as indicated by the midspan corner gages at a midspan moment of M =5716 kip-in
(0.92 Mu). With each of these events an increased loss of rotational stiffness was
more apparent in the M-S response. The maximum flexural capacity of Mu =6182
kip-in was achieved at an average end rotation Su of 0.019 rads, when a local buckle
was eb~ved 2.5 'inclws below·mid-:height on the west _f~ce (compression .flange) of
the steel tube and where more concrete crushing was audible. The strain in the
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concrete was approximately 3445 microstrain, corresponding to 1.3 tcu, based on
interpolation of data acquired from cornerstrain gages at midspan of the east and west
faces of the steel tube. A photograph of the local buckle is shown in Figure 4.35.
The specimen was capable of maintaining its flexural capacity up to an
average end rotation of a=0.024 rads (1.29 au) before it began to shed its load. With
continued end rotation the flexural capacity degraded before stabilizing at a midspan
moment of M = 5386 kip-in (0.87 Mu), corresponding to an average end rotation of a
= 0.040 rads (2.16 au), where the buckle attenuated around the corners of the tube
onto the north and south face, as shown in Figure 4.36. The steel tube began to neck
at the northeast and southeast corners, representing the corners of the tension flange,
I
at an average end rotation of a=0.087 rads (4.66 au) and eventually fractured at the
northeast corner at an average end rotation of a=0.089 rads (4.7 au). A photograph,
of the fracture is shown in Figure 4.37. The test was terminated at an average end
rotation of a=0.092 rads (4.84 au) after the actuators that applied the first order
flexural moment had completely unloaded, leaving only the second order (P-o)
moment being applied to the specimen. When the test was terminated, the specimen
was able to maintain 79% of its ultimate flexural capacity while achieving a inelastic
rotation of 0.082 rads.
At the end of the test the local local buckle on the east face had a half
wavelength of 4 inches. The attenuation of the buckle onto the north face traveled
Q
nine inches to the east and had a half wavelength of 4 inches, where on the south face
the local buckle had a half wavelength of 4.5 inches and measured 9.5 inches to the
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east. The necked region at the comer of the east face (tension flange) spanned 2.75
inches along the length of tube. The fracture in the steel tube was approximately 2
inches in length around the circumference of the northeast comer and was located on
1.5 inches below the mid-height of the specimen.
4.3.6 Specimen BC·48·80·40
The steel tube of Specimen BC-48-80-40, a beam column specimen, had a
nominal bit ratio of 48 and was fabricated from ASTM A500 Gr~d~ 80 steel. The
specimen was subjected to a constant axial force of 1220 kips (0.4 Pn) during
application of the flexural load. A photograph of Specimen BC-48-80-40 taken after
the axial load was applied is shown in Figure 4.38. The midspan moment-average
end rotation (M-S) response of the specimen is presented in Figure 4.39. The
midspan moment in Figure 4.39 includes the second order moment. The east and
west faces of the specimen corresponded to the tension and compression flanges of
the column with respect to flexural loading.
The axial load was applied to the specimen at a rate of 50 kip per minute. To
check for the alignment of load with respect to the specimen, the axial strains in the
steel tube were assessed at 400 kip intervals. The specimen had to be realigned by
shifting the bearings and reloading and unloading a total of six times before an
acceptable deviation of 7% from the average axial strain in the cross-section of 1017
microstrain was achieved at an axial load of 1220 kips (0.4 Pn).
The specimen was allowed to settle after the application of the axial load
before the flexural load was applied. The member displayed an initial linear elastic
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rotational stiffness Ko of approximately 622,000 kip-in while the flexural load was
. applied. At a midspan moment of M =2834 kip-in (0.56 Mu) both the steel and the
cOllcrete on the east face (tension flange) went into tension, however this did not
cause the column to deviate from the initial stiffness. As more flexural load was
applied, the specimen followed the initial stiffness, until a midspan moment of M=
4376 kip-in (0.86Mu) was achieved, where crushing of the concrete below mid-height
was audible. Based on interpolation ofthe midspan comer strain gage data on the east
and west faces of the steel tube the compressive strain of the extreme concrete
compression fibers was 2560 microstrains, which was approximately equal to the
crushing strain of the cored concrete cylinders (i.e., cc=ccu), The rotational stiffness of
the specimen continued to decrease when further flexural load was applied. The
specimen developed its ultimate flexural capacity of Mu =4787 kip-in at midspan, at
an average end rotation of eu =0.01 raL~s, shortly after the compressive strain on the
west face (compression flange) of the steel tube reached the steel uniaxial yield strain
Cy, as indicated by the comer strain gages. The specimen was able to maintain its
capacity up to an average end rotation of e=0.013 rads (1.3 eu,) before the steel tube
locally buckled on the west face (compression flange). This local buckle, shown in
Figure 4.40, formed at 20 inches below mid-height of the specimen. The specimen
began to lose flexural capacity after locally buckling. The strain on the east face
I(tension flange) of the tube reached the uniaxial tension yield strain Cy at an average
end rotation of e=0.024 rads (2.4 eu). This specimen was the only one to have the
6 .
strain in the east face (tension flange) reach the uniaxial yield strain after the
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maximum flexural capacity was reached. The other specimens had this occur either
on the ascending branch of the M-8response or at the occurance of the maximum
midspan moment Mu. As further rotation was imposed to the specimen, the local
buckle attenuated around the corner onto the north and south faces of the steel tube at
an average end rotation of a = 0.031 rads (3.1 au). The test was terminated at an
average end rotation of a =0.033 rads (3.3 au), when the actuators that applied the
first order flexural moment had completely unloaded.
The local buckle on the west face (compression flange) of the steel tube had a
half wavelength of 5.5 inches that was located at 20 inches below mid-height of the
specimen. Figure 4.41 is a photograph taken after the test was concluded, where the
attenuation of the local buckle on the north face can be seen. The local buckle on the
I
north face had a half wave length of 5.25 inches and extended 10 inches to the east,
while the local buckle on the south face of the steel tube extended 11.25 inches to the
east and had a half wavelength of 5.5 inches.
4.3.7 Specimen-BC-48-46-20
The steel tu?e of Specimen BC-48-46-20, a beam column test specimen had a
nominal bit ratio of 48 and was fabricated from A500 Grade B steel. A constant axial
load of 530 kips (0.20 Pn) was applied to the specimen before subjecting it to flexural
loading. A photograph of the specimen after the axial load was applied is shown in
Figure 4.42. The midspan moment-average end rotation (M-a) response of Speci~en
BC-48-46-20 is illustrated in Figure 4.43 where the midspan'" moment' inCludes the
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second order moment. The east and west faces of the specimen corresponded to the
tension and compression flanges of the column with respect to flexural loading.
The axial load was applied to the specimen at a rate of 50 kips per minute.
The axial load of the specimen was stopped at 265 kips (0.10 Pn) and 510 kips to
check the alignment of the specimen with respect to the axial load. The specimen was
found to be sufficiently aligned, where the maximum deviation in the axial strain in
the steel tube was 4.8% from the average axial strain of 545 microstrain, when an
axial load of 530 kips was applied.
After the specimen was allowed to settle under the constant axial load, the
flexural loading began. The initial rotational stiffness Ko of the specimen remained
linear elastic at value of 613,000 kip-in until both the steel and concrete at the east
face (tension flange) of the column went into tension at midheight at a midspan
moment of M = 1668 kip-in (0.31 Mu). A decline in the rotational stiffness then
became apparent as more flexural load was applied to the specimen. .At a midspan
moment of M =3923 kip-in (0.074 Mu) the midspan comer strain gages on the west
face (compression flange) of the steel tube indicated that a compressive strain £5 had
developed in the steel tube that was equivalent to the steel yield strain £Y' Concrete
crushing was then heard at the midspan at a midspan moment of M = 4431 kip-in
(0.84 Mu), where the estimated strain Ce based on interpolation of data aquired from
. the midspan comer strain gages on the east and west faces. of the steel tube in the
extreme concrete compressive fiber was equal to 2490 microstrain. This level of
strain is approximately equal to the crushing strain Cue of the cored concrete cylinders.
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This was followed by the development of tensile strain Es on the east face (tension
flange) of the steel tube that was equal to the tension yield strain Ey steel at a midspan
moment of 4580 kips-in (0.87 Mu).
The ultimate flexural capacity Mu of the specimen was equal to 5274 kip-in,
corresponding to an average end moment rotation of eu = 0.019 rads. Upon
developing this moment, local buckling on the west face (compression flange) of the
steel tube was observed at 9 inches above mid-height, as shown in Figure 4.44. With
an additional end rotation to about 0.021 rads (1.1 eu) the specimen lost
approximately 20% of its flexural capacity. The local buckle attenuated around the
comers of the west face (compression flange) of the specimen onto the north and
south faces, as seen in Figure 4.45. At an average end rotation of e= 0.05 rads (2.62
eu), necking was observed at the northeast and southeast comers, corresponding to the
comers of the tension flange, at approximately 10 inches above mid-height of the
specimen. When the test was terminated at an average rotation of e =0.083 rads
(4.32 eu) the specimen had a flexural load capacity of M =3650 kip-in corresponding
to 0.69 Mu. Specimen BC-48-46-20 underwent an inelastic average end rotation of
0.77 rads. during testing.
The buckle on the west face had a half wavelength of 5 inches. On the north
and south faces the local buckle extended to the east for a length of 8.5 inches and had
a half wavelength of 5 inches. On the northeast and southeast comers of the column
the necked region was found to be 2.5 inches long in the longitudinal direction and
located 10 inches above mid-height.
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4.3.8 Specimen BC·48·46·22
The steel tube of Specimen BC-48-46-22, a beam column test specimen, had a
nominal bit ratio of 48 and was fabricated from ASTM Grade-B steel. A constant
axial load of 565 kips (0.22 Pn) was applied to the specimen prior to the application of
the flexural load, where Pn is the predicted squash load capacity of the specimen using
the nominal properties of the materials. A photograph of the specimen after the
application of axial load issh6Wn inFigure4.46.·Themidspan moment"average end
rotation (M-e) response of the specimen is presented in Figure 4.47. The midspan
moment in Figure 4.47 includes the second order moment. The east and west faces of
the specimen corresponded to the tension and compression flanges of the column with
respect to flexural loading.
The axial load was applied to the specimen at a load rate of 50 kips per minute
up to 0.22 Pn. The axial loading of the specimen was paused at 200 kips intervals to
check for concentric loading of the specimen. A maximum deviation in axial strain in
the cross-section measured from the strain gages on the steel tube was 8.4% from the
average axial strain of 457 microstrain, therefore the column was sufficiently aligned
with respect to the axial load.
The flexural load was applied to the specimen after it settled under the axial
load. The member initial rotational stiffness Ko remained constant at an approximate
value of 633,500 kip-in until both the steel and concrete on the east face (tension
flange) went into tension at a midspan moment of M = 1670 kip-in, which
corresponded to 0.3 Mu where Mu is the maximum midspan moment developed in the
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speCImen. At this level of midspan moment the specimen began to slightly deviate
from its initial elastic stiffness. Upon further loading to a midspan moment of M =
4411 kip-in (0.79 Mu), the mid-height comer strain gages on west face (compression
flange) of the steel tube indicated that the steel tube longitudinal strain Es had reached
the compressive uniaxial yield strain Ey. The specimen stiffness continued to soften.
Crushing of the concrete was heard in the specimen near midspan of the west face
(compression flange} at a-midspan momenLof M =_A86K kip-in (9.~li~1I)' The
compressive strain of the extreme concrete compression fibers was 2550 microstrains
when the concrete was heard crushing, based on interpolation of the mid-height
comer strain gage data on the east face and west faces. This level of strain is
approximately equal to the crushing strain of the concrete cylinders, (i.e., Ec;:::Ecu). At a
midspan moment of M = 4976 kip-in (0.89 Mu) the mid-height comer strain gages on
the east face (tension flange) of the steel tube indicated that the steel tube longitudinal
tensile strain Es had reached the uniaxial yield tensile strain Ey• The initiation of a
local buckle was visually observed at mid-height of the specimen on the· west face,
corresponding to the compression flange, at a midspan moment of M =5258 kip-in
(0.96 Mu). The local buckle became more extensive as the flexural loading of the
specimen continued until the ultimate flexural capacity, Mu, was achieved at 5563
kip-in, as shown in Figure 4.48. The average end rotation eu corresponding to
ultimate flexural capacity was 0.019 rads. At the maximum flexural load a
"'U<'X;:;;"'~"'" .co1fsllierable amount ofconcrete crushing was h~d where the local bUc;kle appea:~.d ...
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After the column locally buckled, it immediately began to slowly shed its
flexural load carrying capacity. The flexural capacity degraded over an average end
moment rotation increment of 1.37 eu, before stabilizing at a midspan moment M =
4653 kips (0.83 Mu), where the average end rotation e was 0.045 rads. With
additional rotation the local buckle became more pronounced and eventually
attenuated around the specimen on to the north and south faces (i.e., column webs) at
an average end rotation of e=0.047 rads (2.59 eu), as shown in Figure 4.49. At 6.25
inches above mid-height on the northeast and southeast comers, representing the
edges of the tension flange, necking of the wall of the steel tube became visible at an
average end rotation of e=0.064 rads (3.53 eu).
The test was terminated when the actuators that applied the flexural load had
completely unloaded whereby the specimen midspan moment was composed of
entirely the P-o moment due to the applied axial load and midspan deflection. The
average end rotation when the test was terminated was equal to 0.079 rads. The local
buckle on the west face (compression flange) had a half wavelength of 5 inches at the
end of the experiment. The local buckle on the north face had a half wavelength of
5.25 inches, which extended 10 inches to the east, and on the south face the local
buckle had a 4.75 inch half wavelength and extended 8.5 inches towards the east. At
the end of the test Specimen BC-32-46-20 had exhibited a 20% total loss of flexural
capacity, while achieving an inelastic average end rotation of 0.073 rads.
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4.4 Dissection of Beam Column Specimens
The steel tube was cut and removed on the west face (compression flange) and
the south face (web) on some of the beam column specimens to gain an insight in how
the concrete failed in the region under the locally buckled region of the steel. Figures
3.47 through 3.53 show Specimens BC-32-80-20, BC-32-80-40, BC-32-46-40, BC-
48-80-20, BC-48-80-40, BC-48-46-22, and BC-48-46-20, respectively. The failure
pattern_ in the concrete-was-similar-for-eaeh-specimen;· ...In-each-specimen, tension
cracks formed near midspan (the point of maximum bending) on the east face (tension
face), while on the west face (compression face) the concrete failed in compression
where local buckling had occurred. The compression failure of the concrete was also
observed under the attenuated buckle on the south face (web). The corner of the steel
tube did not appear to offer confinement to the concrete, for as seen in Figure 2.47
through 3.53 loose concrete, which had failed in compression, existed along the west
face (compression flange) as well as the corners of the west face and portions of the
web.
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Figure 4.1- Specimen SC-32-46 Before Testing
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Figure 4.3 - Formation ofLocal Buckle in Speimen SC-32-46
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Figure 4.4- Local Buckle in Specimen SC-32-46 After Testing
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Figure 4.5 - Closeup ofLocally Buckled Region on the North and West Face After Testing
of Specimen SC-32-46
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Figure 4.6 - Specimen SC-48-46 Before Testing
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Figure 4.9 - Specimen SC-32-80 Before Testing.
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Figure 4.11 - Specimen SC-32-80 After Testing
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Figure 4.12 - Specimen SC-48-80 Before Testing
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Figure 4.14 - Tear of the Weld Seam on the North Face of Specimen SC-48-80
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Figure 4.15 - Weld Seam Tear in Specimen SC-48-80 After Testing
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Figure 4.16 - Specimen SC-48-80 After Testing
I
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Figure 4.17 - Specimen BC-32-46-20 Before Testing
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Figure 4.20 - Specimen BC-32-80-20 Before Application ofFlexural Load
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Figure 4.23 - Local Buckle on West Face (Compression Face) and North Face (Web) of
SpecimenBC-"32:.g0-20
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Figure 4.24 - Close Up ofthe Local Buckle on the North Face (Web) of
Specimen BC-32-80-20
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Figure 4.25 - Close Up ofTear on the East Face (Tension Flange) of
Specimen BC-32-80-20
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Figure 4.26 - Specimen BC-32-80-40 Before Application ofFlexural Load
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/Figure 4.29 - Buckle on the West Face (Compression Flange) of Specimen BC-32-80-40,
Photograph Taken After Testing
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Figure 4.30 - Specimen BC-32-46-40 Before Testing
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Figure 4.33 - Specimen BC-48-80-20 Before Testing
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Figure 4.36 - Attenuation ofLocal Buckle on the South Face (Web) During Testing of
Specimen BC-48-80-20
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Figure 4.37 - Tear in Steel Tube at Northeast Corner of Specimen BC-48-80-20
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Figure 4.38 - Specimen BC-48-80-40 Before Testing
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Specimen BC-48-80-40
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Figure 4.41 - Attenuation ofLocal Buckle on the South Face (Web) After Testing of
Specimen BC-48-80-40
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Figure. 4.42 - Specimen BC-48-46-20 Before Testing
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Figure 4.45 - Attenuation ofLocal Buckle onto the South Face (Web) of
Specimen BC-48-46-20, Photograph Taken After Completion of Test
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Figure 4.46 - Specimen BC-48-46-22 Before Testing
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Figure 4.48 - Local Buckle on the West Face (Compression Flange) of
Specimen BC-48-46-22
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Figure 4.49 - Attenuation of Local Buckle onto the South Face (Web) of
Specimen BC-48-46-22, Photograph Taken After Completion of Testing
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(a) Cracked and Crushed Concrete
Figure 4.50 - Dissection of Specimen BC-32-80-20
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Figure 4.51 - Dissection of Specimen BC-32-80-40
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Figure 4.52 - Dissection of Specimen BC-32-46-40
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Figure 4.53 - Dissection of Specimen BC-48-80-20
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(a) Cracked and Crushed Concrete
Figure 4.54 - Dissection of Specimen BC-48-80-40
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Figure 4.55 - Dissection of Specimen BC-48-46-20
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(a) Cracked and Crushed Concrete (b) After Removal of Loose Concrete
Figure 4.56 - Dissection of Specimen BC-48-46-22
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(a) Cracked and Crushed Concrete (b) After Removal of Loose Concrete
Figure 4.56 - Dissection of Specimen BC-48-46-22
CHAPTERS
ANALYSIS OF EXPERIMENTAL RESULTS
5.1 General
In the design of a structural member it is important to be able to predict the
stiffness and the load carrying capacity of the member. In this chapter the effect of
the width-to-thickness (bIt) ratio, steel yield strength Fy, and level of axial load Pexp on
the member section stiffness and load carrying capacity are evaluated. This is
accomplished by examining the experimental results from the four stub column and
eight beam column tests. In addition, the accuracy of various methods for estimating
the section stiffness and the capacity of high strength CFr stub and beam-column
members is examined. In a major seismic event in which inelastic flexural
deformations are required, a CFr member must possess sufficient ductility to avoid a
structural collapse. The effects of the above parameters along with the concrete load
ratio PexpIPEP on member ductility of a eFr beam-column are also evaluated. The
concrete load ratio PexpIPEP is defined as the ratio of the applied axial load to the
computed axial load resistance of the concrete assuming a elastic-plastic concrete
stress-strain behavior.
201
5.2 Elastic Behavior
5.2.1 Stub Column Specimens
The experimental axial section stiffness EAexp of the stub columns was estimated
using the load-displacement behavior determined from the LVDTs placed along the
height of the specimen (see Section 3.7 for location of instruments), where:
EA =KL
exp g (5.1)
in which K and L are equal to the slope of the specimen axial load - shortening
relationship and specimen gage length, respectively. The LVDTs did not provide
reliable data during the test of Specimen SC-48-46 and as a result the axial stiffness
was obtained using the data from tests of Specimens BC-48-46-20 and BC-48-46-22.
Specimens BC-48-46-20 and BC-48-46-22 had the same cross-sectional properties as
Specimen SC-48-46, and the axial section stiffness was determined using the LVDTs
which measured the axial deformations on the east and west faces of the test region of
Specimens BC-48-46-20 and BC-48-46-22 as they were axially loaded. The axial
section stiffness acquired from the LVDTs is given in column 2 of Table 5.1. The
ratio of the experimental axial section stiffness to the axial section stiffness EAuncr,tr
predicted using an uncracked transformed cross-section, is given in column 3 in
Table 5.1. This ratio is shown in Table 5.1 to range from 1.00 to 1.05, with a mean of
1.02 and a coefficient of variation COY of 0.02. The axial stiffness of the specimens
remained linear up to their ultimate load capacity, as previously seen in Figures 4.2,
4.7,4.10, and 4.13.
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5.2.2 Beam Column Specimens
The experimental flexural section stiffness EIexp for each beam-column
specimen was evaluated using the secant stiffness corresponding to a moment of
0.6Mu in the experimental moment-curvature relationship. The results are shown in
column 2 of Table 5.2. The flexural moment of 0.60Mu represents a service load
level. The service level moment was obtained as Mu divided by a 1.4 load factor used
for earthquake loads [UBC 1997] and multiplied by a resistance factor of 0.85 for
composite columns [LRFD, 1994]. The result for EIexp was compared to predicted
results based on several different methods. These methods include:
(1) An effective flexural stiffness EeIg based on the gross moment"of inertia
of the specimen and the experimentally determined modulus of elasticity
of concrete (see Section 3.5)
(2) An effective flexural stiffness EIACI based on the ACI criteria for
composite members [ACI, 1992], where:
EIAC1 (5.2)
where Ee, Ig, ~d, Es, and Is are the measured modulus of elasticity of
concrete, the gross moment of inertia of the specimen, the ratio of
maximum factored axial dead load to maximum total factored axial load,
the measured modulus of elasticity of steel, and the moment of inertia of
the steel section, respectively. In Equation (5.2) ~d was taken as zero,
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since the axial load during the experiment was applied over a short
duration and did not cause creep effects.
(3) An effective flexural stiffness EkRFD based on the LRFD
recommendations for composite members [LRFD, 1994], where:
(5.3)
in which,
(5.4)
where C3, Ae, and As are equal to a numerical coefficient (0.4 for CFfs),
the area of concrete, and the area of steel, respectively.
(4) An effective flexural stiffness EIuner-tr based on the uncracked transformed
cross-section of the specimen.
(5) An effective flexural stiffness EIertr based on the cracked transformed
cross-section of the specimen.
(6) An effective ·flexural stiffness EsIs based on the modulus of elasticity for
steel and the moment of inertia of steel section (i.e., the contribution of
the concrete was ignored).
Values for the ratio of experimental flexural section stiffness to predicted
flexural section stiffness are given in Table 5.2. A bar chart of the various ratios of
experimental to predicted flexural section stiffness is shown in Figure 5.1. Table 5.2
shows the ratio of EIexp to EeIg) ranges from 1.18 to 1.72 with a mean of 1.42 and a
COY of 0.14; the ratio of EIexp to EIAC1 ranges from 1.17 to 1.78 with a mean of 1.36
. .
and a COY of 0.14; the ratio of EIexp to EkRFD ranges from 0.82 to 1.15 with a mean
.. ..
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of 0.91 and a COY of 0.12; the ratio of EIexp to EIuner,tr ranges from 0.77 to 1.04 with a
mean of 0.85 with a COY of 0.12; the ratio of EIexp to EIer,tr ranges from 0.83 to 1.07
with a mean of 0.99 and a COY of 0.06.
The experimental initial flexural stiffness of each beam column specimen was
also compared with the predicted flexural stiffness methods described above, except
for the cracked transformed method, since the specimen was not initially cracked.
The ratios of experimental to predicted initial stiffness are summarized in Table 5.3
and shown in Figure 5.2. The measured experimental moment-curvature response are
shown plotted with the above elastic flexural stiffness prediction methods for each
specimen in Figure 5.3 through Figure 5.10. From Tables 5.2 and 5.3 and Figures 5.3
through 5.10 the following trends were observed:
(1) The flexural stiffness EeIg based on the gross moment of inertia largely
underestimates the serviceability stiffness of the beam column specimens
and is consistently about 70% less than the initial stiffness of all
specimens.
(2) The flexural stiffness EIAeI based on the ACI recommendations grossly
underestimates both the serviceability stiffness and the initial stiffness of
the beam column specimens.
(3) The flexural stiffness EILRFD based on the LRFD recommendations
overpredicts the serviceability stiffness for all of the specimens, except for
those fabricated from high strength steel tube and subjected to high levels
~
of axial load. The initial stiffness of specimens with low bit ratios is well
205
predicted by this method, where the ratio of experimental initial flexural
stiffness to predicted initial flexural stiffness range from 0.99 to 1.09 (see
Table 5.3) with a mean 1.03 and a COY of 0.04 for these four specimens.
(4) The flexural stiffness Eluncr.tr based on the uncracked transformed cross-
section predicts the experimental serviceability stiffness within 10% for
all specimens made of high strength steel tube and subjected to high axial
load. This can be attributed to the fact that the concrete begins to crack in
tension slightly before a moment of 0.6Muis reached for these specimens.
The initial stiffness of the beam column specimens is closely predicted by
Eluncr.tr, where the ratio of experimental to predicted initial stiffness ranges
from 0.92 to 1.08 (see Table 5.3) with a mean value of 1.01 and a COY
0.06.
(5) The flexural stiffness EIer,trbased on the cracked transformed cross-
section predicts the experimental serviceability stiffness of all of the
specime.ns within 10%, except for Specimen BC-32-46-40. The stiffness
of Specimen BC-32-46-40 is not accurately predicted by this method,
because the steel tube was 67% of its flexural yield moment when the
axial load was fully applied before the moment was applied, as seen in
Figure 5.11. The steel tube yielded in compression before the concrete
began to crack in tension, resulting in a loss in stiffness of the specimen.
. The EIer.tr method assumes that the cross section materials are linear
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elastic and therefore is unable to predict the stiffness of this specimen
adequately.
(6) The flexural stiffness EsIs based on the modulus of elasticity of steel and
moment of inertia of the steel tube significantly underestimates both the
serviceability and initial flexural stiffness indicating that the concrete
infill significantly enhances the stiffness of the specimen.
From the above observations it is apparent that the flexural stiffness Elcr,tr based
on the cracked transformed cross-section is the most accurate method for predicting
the flexural stiffness of a CFT beam column member, although this method makes
frame analysis difficult because the stiffness for every column in the frame depends
on its axial load level. This method also does not adequately predict the stiffness of
CFT columns when the level of stress in the steel tube before the moment is applied,
Fo, is greater than 65% of the steel yield stress, Fy, as seen in Figure 5.11.
The flexural stiffness EIuncr,tr based on the uncracked transformed cross-section
is the most accurate method for predicting the initial stiffness of a CFT beam column
member, however, it overestimates the flexural stiffness at O.6Mu by an average of
15%. The ACI and LRFD provisions do not provide good estimates of flexural
stiffness, where the ACI provisions underestimated the stiffness by an average of 36%
and the LRFD provisions overestimated the stiffness by an average of 14%, expect for
the specimens fabricated from high strength steel tube and subjected to high axial
loads, where the LRFD provisions underestimated the stiffness by 8%. The
inaccuracy in these provisions can be attributed to the fact that they are formulated for
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use in computing the buckling strength of eFT columns. Finally, the flexural
stiffness EeIg based on gross section properties though very easy to compute, was
found to be the most inaccurate. This method underestimates the stiffness by an
average of 42%.
The section stiffness of the specimens was found to be dependent on the axial force
level and tube cross-sectional dimensions. As seen in Figure 5.12, as the ratio of
applied axial load, Pexp to axial load capacity Po (i.e., PexpIPo) increases the flexural
section stiffness of the specimens also increases. Po is the axial load capacity of the
specimen considering both the contribution of the steel and concrete where:
Po =AsFy +O.85Acf: (5.5)
in which As, Ae, Fy, f' e are equal to the' area of steel, the area of concrete, the steel
yield strength and the compressive strength of the concrete cylinder, respectively
Under high levels of axial load the concrete cracks in tension at a much larger
moment, thus there is a larger area of effective concrete in the specimen cross-section.
The other parameter that had an impact on the ,stiffness of the specimens was the
tube width-to-thickness bit ratio, where an increase in the bit ratio causes a decrease
in the stiffness of the column, as seen in Figure 5.13. In columns with low bit ratios
there is larger amount of steel and less concrete in the cross-section, therefore an
increase in stiffness is expected because steel is a stiffer than concrete. It was found
. that the yield strength of the steel tube has no appreciable influence on the
serviceability flexural stiffness. As seen in Figure 5.14, the effect of the yield
strength is minimal.
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In Figures 5.12, 5.13, and 5.14 the flexural stiffness based on the cracked
transformed section, EIer,!n for Specimen BC-32-46-40 is shown along with the
experimental results to show the stiffness of Specimen BC-32-46-40 when the tube
remains linear elastic.
5.3 Load Carrying Capacity
The maximum axial load capacity Pexp of the stub column specimens is
presented in the second column of Table 5.4, while the maximum flexural load
capacity Mexp of the beam column specimen is presented in column 2 of Table 5.5.
The axial load and the flexural load capacities of the specimens are compared with
predictions mode using a variety of methods.
5.3.1 Stub Column Specimens
To assess various design provisions and simplified methods for predicting
axial load capacity, experimental axial load capacity Pexp was computed to predicted
axial load capacities as follows:
(1) An effective axial load capacity Pss based on the ACI and LRFD
recommendations [ACI, 1994; LRFD, 1994] for concrete filled tubes
without reinforcement bars, as explained earlier in section 2.3. The ACI
provision for axial load capacity of stub columns was computed using a
strength reduction factor, ~, equal to 1.0 and without its 0.85 factor to
account for eccentricities, while the LRFD provision wasficomputed
using a re~istance factor, ~c, equal to 1.0 thus resulting in the following
equation for both provisions:
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(5.6)
where Ae, f' e, As and Fy are the area of concrete, the crushing strength
determined from concrete cylinders, the area of steel and the yield
strength of steel, respectively.
(2) An effective axial load capacity PlOD based on ACI and LRFD
recommendations for concrete filled tubes without reinforcement bars
with the ultimate strength of the concrete not factored by 0.85:
(5.7)
The ratios of experimental to predicted axial load capacity are shown in Table 5.4. A
bar chart of the ratios of experimental to predicted axial load capacities is shown in
Figure 5.15.
The ratio of experimental to predicted axial load capacity PS5 based on the
ACI and LRFD provisions ranges from 0.96 to 1.10 (see Table 5.4) with a mean of
1.03 and a coefficient of variation COY of 0.06. The ratio of experimental to
predicted axial load capacity PlOO ranges from 0.86 to 0.97 with a mean value of 0.92
with a COY of 0.05. The axial load capacity of all the stub column specimens were
conservatively predicted using the ACI and LRFD provisions, except for Specimen
SC-48-80. As seen in Figure 5.16, the normalized bIt ratio ~ for specimen SC-48-80
is too large, where:
P~~J F,.t Es
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(5.8)
Thus instability of the tube walls occurred before the tube could yield and the
specimen was unable to achieve its full axial load capacity.
5.3.2 Beam Column Specimens
To assess the various design provisions for predicting the moment capacity,
the experimental moment capacity, Mexp, was compared to predicted moment
capacities as follows:
(1) An effective moment capacity, MLRFD, based on the LRFD
recommendations for composite members under compression and flexural
loads, described in Section 2.3.
(2) An effective moment capacity MACI based on the ACI recommendations
for composite members under compression and flexural loads, described
in Section 2.3.
(3) An effective moment capacity MAll based on the AD recommendations
for concrete filled tube members under compression and flexural loads,
described in Section 2.4.
The axial load - moment (P-M) interaction curves for the methods described
above and the experimental moment capacity, Mexp, are displayed in Figures 5.17
through 5.20. The ratio of experimental moment capacity Mexp to predicted moment
capacity is presented for each test specimen in Table 5.5 and in Figure 5.21 as a bar
chart. For the moment capacity based on the LFRD recommendations, MLRFD, the
ratio of experimental to predicted moment capacity ranges from 1.26. to 2.53 with a
mean of 1.68 and a coefficient of variation COY of 0.25. For the moment capacity
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based on the ACI recommendations, MACh the ratio of experimental to predicted
moment capacity ranges from 0.99 to 1.21 with a mean of 1.08 and a COY of 0.07.
For the moment carrying capacity ratio based upon the AD recommendations, MAIl,
the ratio of experimental to predicted moment capacity ranges from 0.87 to 1.13 with
a mean of 0.96 and a COY of 0.12.
It is evident from the ratios presented in Table 5.5 and from Figures 5.17
through 5.20 that the moment capacity MLRFD based on the LRFD recommendations
for composite beam column members grossly under~stimatesthe moment capacity of
high strength CFT members. This method is overconservative because the LRFD
provisions do not consider the increase in flexural moment for combined loading with
axial load near the balance point.
The moment capacity MACI based on the ACI recommendations for CFT
composite beam column members is the best method to use for design because it
conservatively predicts the capacity for all specimens expect for BC-48-80-40. The
flexural capacity of Specimen BC-48-80-40 is overpredicted by the ACI moment
capacity by,only 1%, and this is because the tube wall on the west face (compression
flange) of the steel tube had began to locally deform from either plate instability
and/or from the concrete crushing producing a lateral force on the face of the steel
tube before the yield strain was reached in the steel tube. This is apparent in the strain
gage data recorded at mid-height and shown in Figure 5.22 thus reducing its ability to
support additional load. The MACI has an average accuracy of 8%. The differences
between M ACI and M exp are because the ACI recommendations do not account for the
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effect of concrete confinement on concrete strength. As seen in Figures 5.23 though
5.30 the concrete is able to develop strains larger than 3000 microstrain, thus a
compressive strength above the cylinder strength, f' e, can be attained and the concrete
maintains its resistance to compressive stress after the cylinder crushing strain, Cue is
reached, resulting in a larger moment capacity in some of the specimens. This
phenomena is quite evident in specimens fabricated from high strength steel with the
smaller bit ratios, where strains were achieved that were considerably higher than
3000 microstrain. In Figures 5.23 through 5.30 the stresses and the strains of the
materials were determined assuming that the steel stress-strain behavior is elastic
plastic and symmetric in tension and compression without local buckling, and the
concrete stress-strain behavior is elastic plastic as shown in Figure 5.31.
The method based on the AIJ recommendations for predicting the flexural
capacity had an overall accuracy of 4%. The AIJ provisions are based on
superimposing the individual capacities of the concrete and steel. The effects of local
buckling of the steel tube are not considered. As seen in Figure 5.20 and 5.21, those
specimens with the larger nominal width-to-thickness bit ratio of 48 and a nominal
yield stress Fy of 80 ksi (i.e. Specimens BC-48-80-20 and BC-48-80-40) had their
moment capacities significantly overpredicted using the AIJ provision. The capacities
of Specimens BC-48-80-20 and BC 48-80-40 were overpredicted due to local
instability of the compression flange either by local buckling and/or lateral forces
acting on the steel plate resultin~ from concrete crushing. The strain gages on the
.-
compression flanges of these two specimens measured a strain reversal as shown in
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Figure 5.32 and Figure 5.22. The AD provisions assume that the steel tube will be
able to develop its full plastic moment due to the restraining effect of concrete which
prevents the inward deformation of the steel tube [AD, 1987]. As shown in Figure
5.27 and Figure 5.28, when compared to the experimental results, the concrete stress
predicted by AD is reasonable, however the steel stress is not due to local instability
noted above.
To investigate the effects of the steel thickness, steel yield stress and the amount
of axial load on the moment capacity of a CFT column, a closed form equation for the
AD provisions was developed, where:
[ 1 3 1 3] [ 1 P]M = -b --(b-2t) F +P -b-t-O.590---Ail 4 4 y 2 J:(b-2t) (5.9)
where b, t, f' c, and P are the width of the column, thickness of the tube, the cylinder
strength of the concrete and the axial load applied to the CFT column, respectively.
The AD provisions were selected for the study because they provided the most
accurate predictions for the moment capacity of the specimens. Equation (5.9)
expresses the expression of the AD P-M interaction curve in the region where the
moment of the specimen is greater than the steel plastic moment, as shown in Figure
2.6 Using Equation (5.9) with width b equal to 12 in. and a concrete cylinder strength
of 16 ksi, the P-M interaction curves were constructed for various levels of steel yield
stress at two tube thickness, as shown in Figure 5.33, 5.34, and 5.35. From Figures
5.33,5.34, and 5.35 and from equation (5.9) the following trends were observed:
(1) For any given axial load P the moment capacity of eFT columns increases
linearly with the steel yield stress, and the increase in moment with the
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steel yield stress is independent of P, as apparent from Equation (5.9) and
as seen in Figure 5.33 and 5.34
(2) The moment capacity of CFT columns increases with tube thickness,
however the effect of the thickness varies with the level of axial load as
shown in Figure 5.35. Additionally, this increase in moment capacity is
larger for CFT columns fabricated from steel tubes with higher yield
strengths.
(3) For a steel thickness ranging from 0 to 1 inch the effect of the steel
thickness on the flexural capacity is nearly linear, as shown in Figure 5.36.
In Figure 5.33 the All predicted flexural capacities from Specimens BC-48-80-20 and
BC-48-80-40 are shown along with the experimental results to show the moment
capacity of Specimens BC-48-80-20 and Specimen BC-48-80-40 when the steel tube
does not buckle and attains its plastic moment capacity.
5.4 Ductility
Structural members must be designed to·deform beyond elastic limits without
a substantial loss in strength under sever seismic loading conditions. The curvature
ductility Jl of the CFT beam column specimens was used to evaluate the ductility of
CFT beam columns made from high strength materials. The curvature ductility Jl was
defined as the moment of inelastic curvature ~inel corresponding to a moment equal to
I
90% of the ultimate moment capacity Mu after the ultimate load is achieved divided
by an elastic curvature <Pel (Le. Jl=<Pinel/<Pel)' The elastic curvature.was defined to be the
ultimate moment capacity divided by. the cracked transformed syction stiffness Elcr.tr
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of the specimen at 0.6Mu• The ductility of the specimens are shown in Table 5.6
along with the measured bit ratios, steel yield strength Fy, level of axial load PexpIPo.
and the ratio of the applied axial load capacity, Pexp to the computed concrete axial
load resistance, PEP.. The axial load resistance PEP is the load that would be carried by
the concrete at the ultimate moment capacity of the specimen assuming an elastic
plastic stress-strain behavior for the concrete, shown in Figure 5.31. It corresponds to
the concrete stress distribution shown for each specimen in Figures 5.23 through 5.30.
The curvature ductility of the specimens are shown in Figure 5.37 through 5.44. The
relationships between the curvature ductility. and the steel yield strength, width-to-
thickness (bit) ratio, axial load, and tube wall thickness, respectively are shown in
Figures 5.45 through 5.84. These results indicate:
(l) The curvature ductility of the specimens is independent of the yield
strength of the steel tube, as seen in Figure 5.45.
(2) For specimens with the smaller nominal bit ratio of 32 the ductility is
larger than the specimens with the larger nominal bit ratios of 48 as
shown in Figure 5.46.
(3) The level of axial load is an important parameter for ductility, where the
curvature ductility of the specimens with lower levels of axial load were
larger than the specimens under higher levels of axial load, as shown in
5.47.
The most ductile specimens were "those with the smaller nomin~ bit ratio of 32 and
. ;'.... ,,';'9;'~:"~-·~7H~~J~:~7;0";::_·-:,,;·~~;r:_::--.~·m7~-S
lower level of axial load of 0.2Po (i.e., Specimens BC-32-46-20 and BC-32-80-20).
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These specimens had an average curvature ductility, ~ of 15.4. The least ductile
specimen was BC-48-80-40 (~=1.9) which has a measured bit ratio of 50 and a level
of axial load of 0.38 Po applied to it. Table 5.6 indicates that a scatter in curvature
ductility can occur, as observed in Specimens BC-48-46-20 (~=3.1) and BC-48-46-22
(~= 6.6). The only difference between these two specimens is a small difference in
the applied axial load. A probable explanation for this difference, is imperfections in
the materials which could cause one specimen to be less ductile. ill specimens with
thin wall tubes, the imperfections would have a more pronounced effect.
The post peak response of concrete and its impact on ductility was
investigated by comparing the applied axial load Pexp with the axial load resistance of .
the concrete alone, assuming that the concrete behavior is elastic plastic, PEP.. It was
found that specimens which had a concrete axial load resistance PEP larger than the
applied axial load P exp (Le., Specimens with PexplPEP < 1) had a greater curvature
ductility, as shown in Figure 5.48. This indicates that the specimens in which the
concrete began to crush at the extreme fiber before the ultimate moment was achieved
displayed more ductility. Figure 5.48 also shows that specimens with thicker steel
tubes were more ductile than specimens with a thinner steel tube when the concrete
crushes and sheds its load to the tube. For Specimens in which the concrete did not
crush before ultimate moment was reached, the ductility was independent of the steel
tube thickness.
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EAexp EAexp
Specimen (kips) E~ncr.tr
SC-32-46 1.16S·106 1.00
*
-NA-SC-4S-46 -NA
SC-32-S0 1.229.106 1.05
SC-4S-S0 1.111.106 1.02
.J
BC-4S-46-20 1.0S7·106 1.01
BC-4S-46-22 1.09S·106 1.02
Axial deformation instruments (LVDTs) gave unreliable data for Specimen SC-48-46,
therefore the axial stiffness of Specimen SC-48-46 was determined from data acquired
when Specimens BC-48-46-20 and BC-48-46-22 were subjected to axial load.
Table 5.1 - Experimental and Predicted Axial Stiffness
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EIexp Elexp Elexp Elexp Elexp EIexp EIexp
Specimen , E)g EJs EI Ael EILRFD EIuner,1f EIer,1f(kip-in-)
BC-32-46-20 1.512'107 1.43 1.45 1.21 0.87 0.81 0.97
BC-32-80-20 1.462'107 1.39 1.37 1.17 0.82 0.77 0.93
BC-32-80-40 1.816'107 1.72 1.70 1.42 1.02 0.96 0.98
BC-32-46-40 1.512'107 1.43 1.45 1.21 0.86 0.81 0.83
BC-48-80-20 1.302'107 1.23 1.72 1.35 0.87 0.79 1.03
BC-48-80-40 1.723'107 1.63 2.28 1.78 1.15 1.04 1.07
BC-48-46-20 1.244'107 1.18 1.71 1.33 0.84 0.77 1.00
BC-48-46-22 1.327'107 1.26 1.83 1.42 0.90 0.82 1.07
_" .............d- .••• _
Table 5.2- Experimental and Predicted Serviceability Flexural Stiffness at 0.60 Mu
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Elexp Elexp Elexp Elexp Elexp Elexp
Specimen , E)g E)., EI AC1 EILRFD Eluncr,lr(kip,in')
BC-32-46-20 1.810'107 1.72 1.73 1.44 1.03 0.96
BC-32-80-20 1.938'107 1.84 1.81 1.55 1.09 1.02
BC-32-80-40 1.776'107 1.68 . 1.66 1.39 1.00 0.93
BC-32-46-40 1.740'107 1.65 1.67 1.80 0.99 0.93
BC-48-80-20 1.731'107 1.64 2.29 1.74 1.15 1.05
BC-48-80-40 1.680'107 1.59 2.22 1.78 1.12 1.02
BC-48-46-20 1.757'107 1.67 2.43 1.88 1.19 1.08
BC-48-46-22 1.745'107 1.66 2.41 1.86 1.18 1.07
Table 5.3 - Experimental and Predicted Initial Flexural Stiffness
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Specimen Pexp
Pexp Pexp
ASFy +O.85Acf c AsFy+AJ;(kips)
-
SC-32-46 2557 1.10 0.97
SC-48-46 2597 1.02 0.90
SC-32-80 3169 1.04 0.95
SC-48-80 2763 0.96 0.86
Table 5.4- Experimental and Predicted Axial Load Capacity
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Specimen Mexp
Mexp Mexp Mexp
(kip-in) MLRFD MACI MAD
BC-32A6-20 5357 1.97 1.14 1.13
BC-32-80-20 8246 1.42 1.13 1.02
BC-32-80-40 7125 1.75 1.21 0.96
r
BC-32-46-40 4705 2.53 1.08 0.98
BC-48-80-20 6184 1.26 1.00 0.87
BC-48-80-40 5076 1.41 0.99 0.72
BC-48-46-20 5274 1.47 1.00 0.98
BC-48-46-22 5563 1.58 1.07 1.01
Table 5.5 - Experimental and Predicted Moment Capacity
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Ductility Measured Measured Measured PexpSpecimen FyI.l= ~el/~inel bit ratio PexpIPo PEP(ksi)
BC-32-46-20 15.3 35 37 0.21 0.813
BC-32-80-20 15.5 34 81 0.20 0.788
BC-32-80-40 3.2 34 81 0.41 1.025
BC-32-46-40 2.8 35 27 0.43 1.038
BC-48-80-20 5.9 50 95 0.19 0.961
BC-48-80-40 1.9 50 95 0.38 1.175
BC-48-46-20 3.2 52 68 0.18 1.197
BC-48-46-22 6.6 52 68 0.20 0.766
Table 5.6 - Ductility of Test Specimens
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Figure 5.5 - Stiffness of Specimen BC-32-80-40
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Figure 5.6 - Stiffness of Specimen BC-32-46-40
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Figure 5.7 - Stiffness of Specimen BC-48-80-20
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Figure 5.8 - Stiffness of Specimen BC-48-80-40
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Figure 5.9 - Stiffness of Specimen BC-48-46-20
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Figure 5.10 - Stiffness of Specimen BC-48-46-22
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Figure 5.11 - Effect of Initial Steel Stress on CFf Stiffness
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Figure 5.12 - Effect of the Level of Axial Load on eFT Stiffness
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Figure 5.13 - Effect of the Width-to-Thickness Ratio on CFT Stiffness
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Figure 5.14 - Effect of the Steel Yield Strength on CFT Stiffness
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Figure 5.15 - Experimenal to Predicted Axial Load Capacity Ratio
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Figure 5.16 - Relationship Between Axial Load Capacity and Normalized bit Ratio
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Figure 5.17 - Comparison of Experimental Results with ACI,LRFD, and All Axial Load - Moment
Interaction turves for Specimens with bit = 32 and Fy = 46 .
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Figure 5.18 - Comparison of Experimental Results with ACI, LRFD, and AlJ Axial Load-
Moment Interacion Curves for Specimens with bit =48 and Fy =46
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Figure 5.19 - Comparison of Experimental Results with ACI, LRFD, and AIl Axial Load-
Moment Interation Curves for Specimens with bIt = 32 and Fy.= 80
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Figure 5.20 - Comparison of Experimental Results with ACI, LRFD, and All Axial Load-
Moment Interaction Curves for Specitnens with bIt = 48 and Fy = 80
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Figure 5.21 - Experimental to Predicted Moment Capacity Ratio
Figure 5.22 - Middle Gages on the Compression and Tension Faces of Specimen BC-48-80-40
Showing Plate Distortion Before Yield Strain is Acheived
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Figure 5.23 - Comparison of Predicted with Experimental Concrete and Steel Stress and Strain in Specimen BC-32-46-20
at the Moment Capacity
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Figure 5. 24 - Comparison of Predicted with Experimental Concrete and Steel Stress and Strain in Specimen BC-32-46-40
at the Moment Capacity
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Figure 5.25 - Comparison of Predicted with Experimental Concrete and Steel Stress and Strain in Specimen BC-32-80-20
at Ultimate Flexural Capacity
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Figure 5,26 - Comparison of Predicted with Experimental Concrete and Steel Stress and Strain in Specimen BC-32-80-40
at the Moment Capacity
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Figure 5.27 - Comparison of Predicted with Experimental Concrete and Steel Stress and Strain in Specimen BC-48-80-20
at the Moment Capacity .
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Figure 5.28 - Comparison of Predicted with Experimental Concrete and Steel Stress and Strain in Specimen BC-48-80-40
at the Moment Capacity
OJ
lJl
OJ
Actual
Cross-Section
ACI
Cross-Section
Strain Concrete
Stress
E=3049 J.!E
f,
E=3129 J.!E,
E=3600J.!E
Steel Tube
Stress
F,.
F,
Ductility
/-l = 3.16
Mexp = 1.00
MAc]
AU
Cross-Section
0.85f,
F,.
~ F,
M=. = 0.98MAD
Figure 5.29 - Comparison of Predicted with Experimental Concrete and Steel Stress and Strain in Specimen BC-48-46-20
at the Moment Capacity
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Figure 5.30 - Comparison of Predicted with Experimental Concrete and Steel Stress and Strain in Specimen BC-48-46-22
at the Moment Capacity
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Figure 5.32 - Bottom Gages on the Compresion and the Tension Face of Specimen BC-48-80-20
Showing Plate Distortion Before Yield Strain is Reached
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Figure 5.33 - Effect of Steel Yield Strength on the Moment Capacity of Specimens with a
Thickness of0.245
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Figure 5.34 - Effect of Steel Yield Strength on the Moment Capactiy of Specimens with a
Thickness of 0.345
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Figure 5.35 - Effect of Steel Tube Thickness on the Moment Capactiy of Specimens with a Steel
Yield Strength of 80 ksi amd 40 ksi
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Figure 5.36 -Effect of Steel Tube Thickness on Moment Capacity for CFT Specimens with
PlPo =0.18, bit =52, and Fy =68.5 ksi
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Figure 5.37 -Curvature Ductility of Specimen BC-32-46-20
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Figure 5.38 - Curvature Ductility of Specimen BC-32-46-40
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Figure 5.39 - Curvature Ductility of Specimen BC-32-80-20
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Figure 5.40 - Curvature Ductility of Specimen BC-32-80-40
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Figure 5.41 - Curvature Ductility of Specimen BC-48-80-20
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Figure 5.42 - Curvature Ductility of Specimen BC-48-80-40
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Figure 5.43 - Curvature Stiffness of Specimen BC-48-46-20
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Figure 5.44 - Curvature Ductilty of Specimen BC-48-46-22
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Figure 5.45 - Effect of the Steel Yield Strength on the Specimen Curvature Ductilty
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Chapter 6
Summary and Conclusions
6.1 Summary
An experimental study was conducted in order to investigate the behavior of high
strength concrete filled tube (CFT) columns. The study involved conducting tests on
four stub column specimens and eight beam column specimens, and evaluating the -
results. The specimens were two-third scale models of the ground level columns of
the U.S.-Japan open CFT theme structure. The parameters investigated in the tests are
the steel tube width-to-thickness ratio (bit), the level of axial load (PIPo) and the
strength of the steel tube (Fy). The test specimens were fabricated from 12 in. square
steel tubes with a nominal bit ratio of 32 or 48, and made from either conventional
(A500 Grade-B) or high strength (A500 Grade-80) steel. The steel tubes were filled
with high strength concrete having a compressive strength of 16 ksi at 28 days. The
stub column specimens were axially loaded in a 5 million pound universal testing
machine up to and beyond failure. The beam column test setup was designed to apply
a monotonically increasing moment (constant along the specimen length) while
maintaining constant axial load on the specimen. The beam columns were tested
under displacement control up to and significantly beyond peak load. Failure of the
CFT beam column specimens was defined as a loss of flexural resistance due to
extensive local buckling of the steel and concrete crushing to a level of O.9Mu• The
"
experimental results of the tests were used to assess the stiffness, strength and
ductility of the CFT stub column and beam column specimens. The experimentally
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obtained values for the stiffness and strength were compared with current design
provisions (ACI, LRFD, AD) for CFT columns.
6.2 Conclusions
Based on the analysis of the experimental results, the following conclusions are
given:
(1) The axial load - shortening relationship of high strength CFT stub columns
is linear up to the ultimate axial load capacity.
(2) The initial axial stiffness of the CFT stub columns can be predicted with an
accuracy of 2% using the uncracked transformed section properties.
(3) The axial load carrying capacity of a CFT stub column cross-section can be
predicted with an accuracy of 3% using simple strength superpostion
method using a concrete stress equivalent to 0.85 f' c as recommended by
, the ACI design provisions.
(4) The CFT stub column specimens with high strength steel tubes and a
measured bit ratio of 51 did not develop full yield in the steel cross-section
at peak axial load due to local buckling of the steel tube walls.
(5) The initial flexural section stiffness of CFT beam columns can be predicted
with an accuracy of 1% using the uncracked transformed section properties.
(6) The flexural section stiffness of CFT beam'columns at service load levels
(up to 0.6Mu) can be predicted with an accuracy of 1% using the cracked
transformed section properties.
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(7) The flexural section stiffness of CPr beam columns increases with
increasing axial load. Additionally, the flexural section stiffness decreases
with increasing bit ratio. The yield strength of the steel tubes does not
appear to have an effect on the stiffness.
(8) The moment capacity of CPr beam columns can be conservatively
predicted with an accuracy of 8% using the ACI design provisions. These
provisions predict with better accuracy the moment capacity of the
specimens with larger bit ratios.
(9) The moment capacity of CPr beam columns can be predicted with an
accuracy of 4% using the All provisions. This method is not always
conservative.
(10) The moment capacity of CPr beam columns increases linearly with the
yield strength of the steel tube.
(11) The moment capacity of CPr beam columns increases with an increase in
steel tube thickness. This increase is more substantial for beam columns
with higher steel yield strengths.
(12) The ductility of CPr beam columns is significantly influenced by the level
of axial load and the bit ratio. CFT columns that undergo concrete crushing
before the peak moment is achieved have better ductility.
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6.3 Recommendations
(1) The effects of cyclic loading on the moment-rotation behavior of CFT
beam-columns should be experimentally obtained to study the impact of
cyclic loading on the flexural stiffness, strength and ductility of CFfs.
(2) The effects on moment rotation behavior of column length and moment
gradient along the column length should be experimentally determined for
CFT beam columns.
(3) Finite element-based fiber models should be developed to model the failure
modes of CFT beam columns.. These models should consider the effects of
cyclic loading.
(4) Nonlinear time-history analyses of CFT moment resisting frames subjected
to seismic loads should be conducted using the fiber models to establish
r
column ductility and strength demands during earthquakes.
(5) The frame analysis results and the experimental studies should be used to
develop design guidelines for high strength CFT columns.
(6) CFT column moment resisting frames with high strength CFT columns
should be tested under cyclic loading to experimentally evaluate the
seismic performance of CFTcolumns as part of a 3-D building structural
system.
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